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AUTHOR'S PREFACE TO THE AMERICAN EDITION. 

Since we commenced our first chemical researches with the 
electric furnace in 1892, we have found many reactions, one 
after another, which have been studied at high temperatures, 
both in the laboratory and in industry. 

We have had the pleasure, since our first work, to see the de- 
velopment of certain industries, such as the preparation of cal- 
cium carbide, chromium, ferro-silicon, ferro-chromium, and ferro- 
titanium. At the same time, F. N. Acheson, who, in his dis- 
covery of the crystalline silicide of carbon, created the carborun- 
dum industry, and in pursuing the same, later was able to realize 
the industrial preparation of graphite. From various standpoints, 
attempts have been made to utilize the high temperature of the 
electric furnace in the manufacture of high grade steel, in glass- 
making, in the preparation of phosphorus, and in other indus- 
tries. Frequently questions have arisen which later on resolved 
themselves into subjects for investigation for engineers. It is 
necessary to economically and continuously use a very high tem- 
perature which frequently causes action on the material of which 
the furnace is composed. During the past decade a large number 
of patents have been taken out in this direction and the perfection 
of electrical instruments, the ease with which currents of great 
intensity are handled to-day, the cheapness of their production 
near certain waterfalls, have aided in the development of numer- 
ous applications of the high temperature. 

All these questions are now industrial studies. While the end 
of the scientific side has been far from reached, it must be re- 
membered that the researches that remain to be realized become 
more and more exact, and the experimental study of this part of 
the science becomes more difl&cult. 

Meanwhile we are continuing our experiments, and we hope 
later to add more to this interesting chemistry at high tempera- 
tures. Hknri Moissan. 

PuriSy May lo^ 1903, 



TRANSLATOR'S PREFACE. 

The work of Professor Moissan with the electric furnace and 
the products obtained have been so far-reaching to the science of 
chemistry, and in particular, electrochemistry, that it has been 
deemed important to present an English translation of **Le Four 
Electrique.'* 

The translator wishes to express his deep obligation to Pro- 
fessor Moissan for the additional matter in manuscript, which is 
included in this translation, thereby bringing the work up to date 
and also for his careful revision of all of the translation. 

The translator also is indebted to Professor C. F. Burgess, of 
the University of Wisconsin, for valuable assistance in the ex- 
amination of the proofs. V. L. 



INTRODUCTION. 

The book is divided into four chapters : 

In the first, we describe the different forms of electric furnaces 
which we have used in our work. We subsequently apply these 
apparatus to the study of the fusion and volatilization of a 
number of refractory substances. 

The second chapter contains the study of the three varieties of 
carbon : amorphous carbon, graphite, and diamond. 

The third chapter gives the preparation by means of the elec- 
tric furnace of a number of elements. We describe the work 
done with the electric furnace on chromium, manganese, 
molybdenum, tungsten, zirconium, titanium, silicon, and alumi- 
num. 

The fourth chapter contains researches undertaken on a number 
of new binary compounds, the carbides, silicides, borides, phos- 
phides, arsenides, and sulphides. We have shown the discovery 
of new compounds, giving their preparation, properties, and 
analysis. The preparation of calcium carbide, in particular, has 
been the subject of new investigation, which we repeat in some 
detail. 

General conclusions complete the work. 
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CHAPTER I 
Description of the Different Models of Electric Furnaces 

GENERAL REMARKS 

The highest temperatures commonly attained in the arts are 
between 1700° and 1800°. In our laboratory furnaces we do not 
often attain, even with gas carbon, above 1500° to 1600°. Under 
these conditions, certain experiments become difficult to conduct, 
and scientific investigations find their limits in the fusion points 
of refractory clay and porcelain. 

The use of the oxyhydrogen blowpipe by Henri Saint-Claire- 
Deville and Debray has rendered a great service to chemistry. 
Not only by means of this apparatus has it become easy to melt 
and refine platinum, to obtain new alloys, but as well to extend 
and generalize a number of problems in mineralogical chemistry. 

The temperature which can be attained with this apparatus fed 
by illuminating gas and oxygen is about 2000°.^ According to 
Deville and Debray have found that lime alone can resist this 
Violle, the melting-point of platinum is 1775°. It is known that 
high temperature. Having had need, in my researches on the 
different varieties of carbon, to submit the metals to a higher tem- 
perature than 2000°, I thought to use the heat furnished by the 
electric arc. 

The solution of the problem is theoretically very simple. It 
consists in placing in the smallest possible cavity, some distance 
above the substance to be heated, an arc of great intensity. The 
difficulties appear only when we attempt to incorporate these 
ideas into an easily handled and inexpensive form of apparatus. 
The forms of apparatus which I describe in this chapter are the 
first in which the action of the heat of the current may be clearly 
separated from electrolytic action. 

Previous to our researches, various attempts had been made to 
use the high heat furnished by the electric arc. We mention in 
particular the work of Despretz which bears the title : "Fusion et 
volatilisation des corps réfractaires. Note sur quelques expér- 
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iences faites v/vec le triple concours de la pile voltàJique, du soleil 
et du chalumeau,"^ 

Despretz utilizes more p?irticularly the heat produced by the arc 
from a powerful battery.* We call attention in the different 
parts of this work to the results obtained by his investigation. In 
the investigations of Despretz and in that of similar workers, the 
material on which it is desired to act, is placed in the arc itself. 
Under this condition, the vapor of carbon and the impurities of 
the electrodes, which quite frequently are far from negligible, 
quickly come into play and materially complicate the conditions 
of the experiment.'* 

We find the same objection to many forms of the electric fur- 
nace used industrially. I need only to call attention to the fur- 
naces of Siemens and Hutington, of Cowles, of Grabau, and of 
Acheson. In the first of these, the crucible forms one of the 
electrodes, and the current passing through the fused mass, makes 
it difficult to determine the part played by the action of the electric 
current and that due to elevation of the temperature by the arc. 

Moreover, Siemens and Hutington worked in a carbon crucible. 
This being a good conductor, a large amount of heat is lost by 
radiation. This can explain why Siemens has obtained fused 
tungsten only in small quantities and with great difficulty.* This 
worker, in his English patents, says that a covering of quicklime 
can be used, but he appears not to have made many experiments 
in this direction, but he remarks on the difference of the results. 
Nevertheless, we should not forget that it is to Siemens and 
Hutington that we owe the first use of a practical electric furnace. 

The furnace of Cowles answers very well for the particular 
industrial purposes for which it was devised, but the same objec- 
tions can be made against it as against the Siemens furnace. 

In the furnace of Acheson, a core of graphite, placed in the 
center of the material to be acted on, serves as a conductor and 
divides the current by forming, in the beginning, a large number 

1 Compt. rend., a8, 755 (1849). 

> '*Note sur la fusion et la volatilisation des corps/' Compt. rend.^ ap, 48, 545, 7x3. 

* The action produced by the impurities of the electrodes is frequently most import 
ant since small quantities of material are worked with and for only a short time. 

^ Siemens and Hutington : "On the Electric Furnace, " British Association, South- 
ampton, 1883 and Ann. chim. phys., 30, 465 (1883). 
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of smaller arcs with variable intensity. In place of an arc, a 
circuit is obtained in which the powerful heat of the current is 
not established in a regular manner until five hours after the 
beginning of the experiment. 

These different forms of apparatus, used in the arts, are un- 
handy arid little applicable to the many kinds of reactions in the 
laboratory, and frequently they cannot be used with currents of 
varying strength. I desired, on the contrary, to find a model of 
electric furnace for the laboratory which could be used for 
systematic and general use. 

In the apparatus which we will describe, the arc possesses a 
great regularity during the entire length of an experiment and is 
very easy to handle. My electric furnace is not intended for in- 
dustrial purposes. It is a research apparatus. It will therefore 
not be necessary to decide upon the results which could be fur- 
nished at the cheapest cost. Industrial requirements are that 
power shall be generated at a low cost and utilized with a high 
efficiency. As far as I have been concerned, I have not occupied 
myself with these questions. I have desired to enclose in as 
small a cavity as possible, an electric arc of great intensity in 
order to obtain the maximum temperature, and to illustrate my 
purpose I make the following comparison : In order to fill a 
reservoir having an outlet it is necessary to introduce water in 
much larger quantity than that which is lost by the outflow. 
Similarly the furnace, in order to reduce the loss to a minimum, 
should be made of a material which is the poorest possible con- 
ductor. For this purpose lime is quite suitable. To illustrate 
this, I give the following experiment: the dome of the electric 
furnace is formed of a plate of lime 3 cm. thick, under which the 
arc plays for ten minutes. The hand can be placed on this cover 
of lime whose outside temperature is not changed and whose 
inside surface is formed of a layer of several square decimeters 
of fused lime, which in the Drummond light gives such bril- 
liancy that the eye cannot stand its intensity. A thickness of 3 
cm. of lime arrests this enormous emission of heat. 

The electric furnaces, which were used in our first work on the 
reproduction of the diamond, were modified little by little as the 
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subject grew, and we recapitulate in this chapter a series of simple 
and practical models, as follows : 

1. Electric furnace of quicklime. 

2. Electric furnace of calcium carbonate for crucibles. 

3. Electric furnace for tubes. 

4. Continuous electric furnace. 

5. Furnace with multiple arcs. 

Our first experiments, on the method of heating by the electric 
arc, were made with power derived from a 4 horse-power gas 
engine. The small dynamo which we used at this time was of 
the Gramme type. It gave a current of 35 to 40 amperes at 55 
volts. In using a stronger current we pursued our work at the 
Conservatoire des Arts et Métiers, where the director, Colonel 
Laussedat, kindly placed at our disposal the resources of the 
institution. Under these conditions we have been able to use, for 
many years, a 45 horse-power steam engine, connected with an 
Edison dynamo. The current which could be obtained was 440 
amperes at 80 volts. When we needed a stronger current we 
applied to the industries, and Fontaine of the Société Gramme 
very obligingly consented to lend us one of his dynamos run by a 
100 horse-power engine. Later the Compagnie des chemins de 
fer de VEst kindly placed at our disposal 60 to 100 electrical horse- 
power. 

Finally, as we desired to push our experiments further, Meyer, 
director of the Société Edison, graciously offered the use of the 
central light station of Trudaine avenue, which every evening 
delivers 2000 horse-power. In many experiments we used 
150 and 300 amperes for the object pursued, and it has seemed 
useless to go beyond this. 

It is an agreeable duty to me, to present my sincere thanks to 
all who have been able to so kindly place at my disposal such 
means of research and who by this means have become my fellow- 
laborers. 

Electric Furnace of Quicklime 

Our first model of electric furnace, presented to the Academy 
of Sciences in December, 1892, was of quicklime.^ It was com- 

1 Henry Moissan : "Sur un nouve an modèle de four électrique," Compt. rend., ii8, 988. 
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posed of two well-dressed blocks of lime laid one on the other. 
The lower piece contained a longitudinal groove through which 
passed the two electrodes, and in the center was a small cavity 
which served as a crucible (Fig. i). This cavity can be of greater 




or less depth and contains a layer of several centimeters of thesub- 
stance which is to be heated by the arc. There can also be intro- 
duced a small carbon crucible containing the material to be 
heated. The upper block is slightly hollowed in the part which 
lies directly over the arc, and as the strong heat of the current 
soon melts the surface of the lime and gives to it a high polish 
there is formed a dome which reflects all the heat on the small 
cavity which contains the crucible. The electrodes are made 
easily movable by means of the supports which can be moved 
through two slits which work on stands. The difference between 
this furnace and those used heretofore, is that the material to be 
heated is not in contact with the electric arc; that is, with the 
vapor of carbon. 

This apparatus is a reverberatory electric furnace with movable 
electrodes. This last point is of importance, as the moving of the 
electrodes gives an easy means of establishing the arc, for length- 
ening or shortening at will, and in a word, it materially simplifies 
the process of the experiment. 

Arrangement of the Furnace. — In our first work, as we have 
already remarked, we used a small Gramme machine driven by a 
gas engine of 4 horse-power. Frequently the current which went 
through the furnace, indicated 35 to 40 amperes at 55 volts. 
Under these conditions, the lower block of quicklime measured 
16 to 18 cm. long by 15 cm. wide and 8 cm. thick. The upper 
piece which joined the core had the same surface with a thickness 
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of from 5 to 6 cm. The dimensions of this furnace are quite 
sufficient for a current of lOO to 125 amperes and 50 to 60 volts. 
When it is desired to use a current of higher value the size of the 
furnace can be increased by enlarging each dimension 2 to 3 cnj. 
With a furnace 22 to 25 cm. in length, it is possible to use the arc 
of a current of 450 amperes at 75 volts (Fig. 2). The lime used 




in these experiments was slightly hydraulic, from the Paris basin 
and called "du blanc vert". It is readily cut and turned. It is 
the same that Deville and Debray used in their small platinum 
fusions. 

Electrodes. — The electrodes were formed of cylinders of car- 
bon, as free as possible from mineral matter; we met some 
difficulties in the beginning of our work in obtaining them on the 
market in a condition of purity. These electrodes should be 
made of retort carbon selected from the top of the retort and re- 
duced to a powder. The powdered carbon is treated with acid, 
in order to render it as free as possible from the iron which it 
contains. It is then washed and dried and finally cemented into a 
mass by means of tar. The cylinders are formed by a pressure 
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which must be very strong and very regular; finally they are 
carefully dried and baked at a very high temperature.* 

An investigation should be made to determine whether for ease 
of manufacture boric acid or silicates have not been added to the 
carbon. We reject all carbon which contains these impurities 
and which contains more than i per cent, of ash. 

For the small quicklime furnaces, we used electrodes 20 cm. 
long, and 12 mm. in diameter carrying 120 amperes at 50 volts, 
and cylinders 40 cm. long and 16 mm. to 18 mm. in diameter. 
When a 40 to 50 horse-power dynamo is used, electrodes are re- 
quired 40 cm. long, and 27 mm. in aiameter. 

The extremities of the electrodes, between which the arc plays, 
were cut into pointed cones. This precaution is important es- 
pecially with low currents since it is, at times, very difficult to re- 
light the arc when it is extinguished at the beginning of the 
experiment. With a current of 350 amperes at 60 volts, we used 
only one electrode which terminated in a point. The end of the 
other was a plane. However, all difficulties vanish as soon as 
the furnace is hot, ana when it is filled with tiie good conducting 
vapors, which allow the arc to play with greater ease. 

The cables, which convey the current, are joined to the carbons 
by means of jaws of copper fastened by screws. This arrange- 
ment has been in use for a long time industrially for currents of 
high value. 

Crucibles. — ^During the first part of our researches, we used 
crucibles of gas carbon which were made by turning out of a 
single piece. These crucibles have a cylindrical form ; they have 
two notches placed at the extremities of the greatest diameter in 
order to allow the electrodes to pass through with ease. 

With a 4 to 8 horse-power engine we used crucibles having an 
external diameter of 3 cm. and an internal diameter of 2 cm. 
Their height was 4 cm. and the notch was 1.5 cm. deep. These 
crucibles of retort carbon are inconvenient since they swell up 
and are transformed into graphite under the action of the heat of 

1 In the beginning of these experiments, I used turned electrodes of retort carbon. 
Under the action of the arc, the ends of these electrodes enlarged into a fan shape, as the 
carbon was changed into graphite. This had already been observed by Despretz : Compt. 
rend,, ap, 7x6. 
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the arc. At our request several manufacturers made crucibles for 
us by pressure in a mold and obtained a single piece which main- 
tains its form under the action of the highest temperatures. After 
the experiment it is found that a felt of fine graphite is formed 
which possesses rigidity. 

It is well to preserve a vacant space around the crucible, 
so that the heat rays reflected by the top of the furnace completely 
envelop it. It must not be forgotten that lime is easily reduced 
by carbon at this high temperature, giving calcium carbide.* 
When a crucible is heated in this lime furnace it is necessary to 
be careful to pile up a layer of magnesia in the cavity of the fur- 
nace. The magnesium oxide is really the only known oxide 
that cannot be reduced by carbon. When the experiment lasts 
for a long time the magnesia melts, combines with the lime already 
liquid existing in the furnace, and volatilizes, but it does not give 
a carbide. 

Performance of the Bxperimeni, — Let us take^ for example, 
the experiment which demonstrates the volatilization of quicklime. 
We do not need a crucible in the cavity since we operate on the 
material of the furnace. The experiment is begun by cutting a 
small hole 2 to 3 cm. deep in the lower block. The electrodes are 
then placed in the grooves and fastened by upright clamps which 
support the slides (see Fig. 2) finally brought to within 2 or 3 
cm. of each other, the one being exactly above the center of the 
cavity. The current from the dynamo is then introduced into the 
circuit and when the second electrode is slowly moved toward the 
first, contact is established and the arc plays. Immediately a very 
penetrating oûor of hydrocyanic acid is noticed. The small 
quantity of water, which is present in the electrodes, forms 
acetylene with the carbon. This gas in presence of the nitrogen 
which was present in the furnace at the beginning of the experi- 
ment, forms, under the powerful influence of the arc, the synthesis 
of hydrocyanic acid, discovered by Berthelot. 

The light given off by the electric furnace, colored by the 
cyanogen flame, takes on a beautiful purple tinge which shortly 

1 H. Moissan : "Preparation d'un carbine de calcium cristallisé ; propriétés de ce 
nouveau corps," Compt. rend., ii8. 501. 
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disappears. Care should be taken at the beginning not to sepa- 
rate the electrodes too much, as when the furnace is still cold, the 
arc is easily extinguished. Some moments later it is different, 
and the arc can be slightly lengthened. At the beginning, the arc, 
and this is also true with hi^ currents, is not i cm. in length while 
at the end of the experiment the arc is generally 2 to 2.5 cm, in 
length. If the furnace is filled with a metal vapor which is a good 
conductor (aluminum for example), the electrodes should be 
separated 5 to 6 cm. The size of tne arc is then regulated so that 
the same resistance is always obtained and the dynamo works 
normally, this regulation being effected by an ammeter and volt- 
meter. 

With a current of 360 amperes at 70 volts, in three of four 




minutes, the electrodes become red ; then brilliant flames 40 to 50 
cm. in length sprout out of the openings which give passage to 
the electrodes on each side of the furnace (Fig. 3). The flames 
terminate in clouds of white smoke, which are produced by the 
volatilization of the lime and a portion can be easily condensed by 
deposition on a cold body. These vapors diffuse into the air and 
remain in suspension for many hours. With a current of 400 
amperes at 80 volts an experiment can be completed in five or 
six minutes ; by the use of a current of 800 amperes at 1 10 volts. 
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it is possible in five minutes to volatilize more than lOo grams of 
calcium oxide. 

At the beginning of the heating, the arc possesses a certain 
variability and the furnace roars much, but in a short time, the 
metallic vapors increase the conductivity, the flow of the current 
becomes regular, and the operation proceeds without noise. The 
heat and light become very intense inside the furnace. When the 
experiment is concluded, the upper piece of lime is raised and it is 
noticed that the part which was under the action of the heat of 
the arc is completely fused. With a 50 to 100 horse-power 
dynamo, stalactites of fused lime are frequently formed on the 
cover which slowly trickle from the dome, and toward the end of 
the experiment solidify and present the appearance of wax. 

The conductivity of quicklime is so poor that it is possible to 
place the hand on the outside while the inside has been raised to 
such a high temperature that it melts and gives an enormous 
quantity of heat and light by radiation. The poor conduction of 
the quicklime has been favorable to our experiments ; it diminishes 
the loss of heat that we endeavor to confine in the smallest 
possible space. While magnesia is a much better conductor of 
heat than lime, when we attempted to construct an electric fur- 
nace entirely of magnesia, the results were less satisfactoiy. 
A furnace of the same form made entirely of carbon, but in which 
the electrodes were well insulated by means of tubes of magnesia, 
gave, by reason of its conductivity, an enormous loss of heat. 
After the experiments the positive carbons look as though they 
had been but little used while the negative is more or less deeply 
corroded. The extremities of the electrodes for about 8 to 10 
cm. are entirely transformed into graphite. 

When currents of a high tension are used, it is necessary to 
take certain precautions and to carefully insulate the conductors. 
When the furnace is in operation under the action of a 100 horse- 
power dynamo, the vapors which fill it are a good conductor of 
the current. It frequently happens that a secondary current is 
produced and successive shocks are felt by touching the supports 
or the electrodes. With a current of 30 amperes at 50 volts, such 
as used in the beginning of this work, the face should not be 
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exposed to a prolonged action of the electric light and the eyes 
should always be protected by spectacles of very dark-colored 
glass. Electric sunstrokes were frequent at the b^;inning of our 
work and irritation of the eyes, produced by the arc, causes a 
very painful congestion. It is particularly the low currents which 
produce this latter, since the heat being slight the operation of the 
furnace is watched. 

In all our work we used a continuous current. There is 
another point to which too much attention cannot be called for the 
benefit of investigators or technical men who wish to repeat these 
experiments : When a furnace of limestone is used, a large quan- 
tity of carbon dioxide is liberated. This substance, in contact with 
the electrodes which are heated to redness and with a vapor of 
carbon, causes a continual evolution of carbon monoxide. The 
cylinders of carbon, which constitute the electrodes of the fur- 
nace, also furnish a small quantity. This gas does not bum com- 
pletely and if great precaution for the ventilation of the room in 
which these experiments are carried on are not used, the operators 
soon b^^ to present symptoms of poisoning by carbon monoxide. 
Intense headadies, nausea, and general lassitude are experienced. 
It is necessary, under these circumstances, to quit for several 
weeks in order that this poisonous oxide of carbon may be com- 
pletely eliminated. 

The first model of electric furnace was used to study the crystal- 
lization of the metallic oxide, to prepare graphite which swells, to 
show the ready volatilization of platinum and the solubility of 
carbon in silicon, in platinum and in a large number of metals. 

The difficulty of obtaining (especially in winter) large pieces of 
lime without cracks, and homogeneous, led us to quickly substitute 
calcium carbonate or building stone for the quicklime. Yet I still 
use this furnace to-dav when I desire to avoid the abundant evolu- 
tîon of cartx» dioxide. In the refining of certain metals, chro- 
mium for exanq>le, we still use this electric furnace. 

Eiectric Ywnmat <f Caldiiin Carfamate for CntdMet 

As Dcville and Dcihray have shown in their large platinum 
fusions, it is possible to substitute the quicklime by a piece of 
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Courson rock or by any other limestone containing little silicon.^ 

This calcium carbonate, of which the fine-grained is used, pos- 
sesses the advantages of presenting a great solidity and of being 
readily obtained in sufficiently large pieces. 

Arrangement of the Furnace. — The rock is cut into the form of 
a regular parallelipipedon, the size of which varies with the 
amount of current. For use with a 4 horse-power dynamo, the 
furnace should be made of two pieces, the lower of which is 10 
cm. high, 18 cm. long, and 15 cm. wide. The cover has the same 
surface and has a thickness of 8 to 10 cm. For a 45 horse-power 
dynamo the dimensions should be the following: height of the 
lower piece 15 cm., width 20 cm., length 30 cm.; cover 11 cm. in 
height. With a 100 horse-power dynamo the height of the lower 
piece should be 20 cm., length 35 cm., width 30 cm. ; cover 15 cm. 
high. A furnace of this description when properly handled can 
be used for seven or eight consecutive experiments. If greater 
power is used, the form of the furnace can be varied according to 
the experiment and as lime at these high tensions is volatile it is 
well to form the lower part of the furnace of a series of alternate 
layers of magnesia and carbon. Later on we will describe this 
last model. 

It is very important to carefully dry the blocks of stone which 
are used in the furnace. For this purpose they are placed from 
twelve to twenty-four hours on top of a boiler or in the ashes of 
the hearth of a furnace or a hot-air stove. When the block of 
stone is well dried, it seldom splits under the action of the heat 
produced by the electric arc. In order to prevent this accident, 
we usually protected the furnace and cover by a metallic band, 
being careful to place it far enough away from the electrode so 
that a short circuit can not be produced. The lower parallel- 
ipipedon can also be placed in a case of sheet-iron of the desired size. 
Before drying, a cylindrical hole is cut in the center of the block 
larger than the crucible which is to be placed in it. Two aper- 
tures allow the sliding of the electrodes and their width depends 
on the diameter of the latter. The crucible is always placed on a 

1 Procès -verbaux de la Commission internationale du mètre. Esposé de la situation 
des travaux au I», Octobre, 1873, P- 9» 
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layer of magnesia in order to avoid the formation of calcitmi 
carbide, which, in a short time, renders it useless. It is well to 
allow I or 2 cm. space between the crucible and the side of the 
furnace in order that the strong heat may completely radiate 
around it. 

When it is desired to condense the vapors of bodies difficultly 
volatile at a high temperature, we used a metallic tube cooled on 
the inside by a current of water. It is known that this arrange- 
ment furnished interesting results to Deville in his researches on 
dissociation. We used in these experiments a U-tube of copper 
15 mm. in diameter, through which a current of water was 
allowed to pass under a pressure'of one atmosphere. The curved 
portion of the U-tube was placed 2 cm. below the arc and above 
the crucible which contains the substance to be volatilized, and a 
sheet of asbestos board is placed next to the opening through 
which the cold tube passes, allowing the condensation of the 
metallic vapors which abundantly pass out of the furnace. The 
temperature of the water which passes through the copper tube is 
not raised more than 2° or 3**. 

Electrodes, — The diameter of the electrodes naturally varies 
with the amount of the current. As we have shown in the fur- 
nace of quicklime, when more than 100 horse-power is used, 
cylinders of carbon are employed, 50 cm. long, and 4 cm. in 
diameter. For 200 to 300 horse-power, we used electrodes 5 cm. 
in diameter. In the last instance, the union of the flexible cables 
which convey the current of the electrodes, presents a slight 
difficulty. Care should be taken to avoid all contact which is not 
perfect, on account of the formation of an arc sufficiently intense 
to melt the clamp and the end of the cable. In order to avoid 
this, clamps of copper are used as is shown in Fig. 4. 

Secure contact is insured by means of a metallic strip which is 
tightly fastened to the end of the electrode making many turns, 
and which is pressed by the clamp. 

Crucibles, — We have already indicated the precautions to be 
taken in the manufacture of crucibles. 

For a 45 horse-power engine, the crucibles are 6 cm. in diame- 
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ter^ with a slope of 3 cm. When a current is used as high as 800 
amperes at 1 10 voUs, the internal diameter of the crucibles is 7.5 
cm., the external diameter is 9 cm., and the external height is ro 




Fiff. 4. Slectrlc furnace wl[h nipporU for cuircnU of iiovolliatid is 

cm., without slope. In these crucibles, it is possible to prepare in 
five or six minutes 300 to 400 grams of fused uranium or 
tungsten. 

We also used magnesia crucibles of the same size. This mag- 
nesia was prepared with special care as previously shown. 

Use of Alternate Layers of Carbon and Magnesia. — When a 
current having a tension of 1200 to 2000 amperes at 100 volts is 
used, the lime furnaces, if their cavity is not very large, are 
rapidly destroyed. By enclosing the intense arc produced by tfiis 
current in a limestone furnace having a cavity whose internal 
diameter measures 10 cm., we obtained the following results: 
Fusion of lime flowing like water, volatilization of the latter in 
a short time giving volumes of smoke, roaring of the vapors 
through the openings through which the electrodes pass, con- 
tinual cracklings produced by the small pieces of calcium carbcm- 
ate which falls into the mass and are immediately dissociated, 
throwing out of the liquid lime, and finally raising of the cover un- 
der the action of the superheated gas and the vapors. Under these 
conditions, the experiment is not very easily managed. If the 
cavity in the furnace is enlarged, better results are obtained. 
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When it is possible to use these high tensions, it is well to 
make a cavity in the center of the stone, sufficiently large, having 
the form of a parallelipipedon and which contains alternate layers 
o.oi m. thick of first magnesia, then carbon. These layers, four 
in number, are placed in such a manner that the magnesia is 
always in contact to the quicklime and the layer of carbon to the 
interior of the furnace. The magnesium oxide, not being re- 
duced by the carbon, disappears only by volatilization, while at 
this high temperature the lime fuses in contact with the carbon, 
and easily forms liquid calcium carbide. , The upper part of 
the cavity can be constructed in the same way of layers of magne- 
sia and carbon, but more frequently it is sufficient to use a cover 
of rock having an elliptical depression 3 to 4 cm. in depth. 

A furnace, constructed in this manner, can be used for many 
hours and consequently can be used for experiments which take a 
long time. 

Preparation of the Magnesia, — The magnesia used in these 
experiments was prepared according to the directions of Schloe- 
sing.^ It is necessary to purify this oxide from small quantities 
of impurities which it contains and which considerably lowers its 
fusion point. In order to accomplish this, basic carbonate of 
magnesia is heated several hours in a Perrot furnace. It is then 
reduced to a fine powder, and the magnesia which is obtained 
allowed to digest with an excess of a solution of ammonium car- 
bonate; it is next washed well with water and finally ignited 
at the highest temperature of a good wind furnace. By 
addition of water a thick paste is formed with the magnesia 
which, by compression in wooden moulds, gives layers which are 
allowed to dry slowly. These plates are finally baked in a 
muffle.^ 

As Schloesing has shown, this magnesia contracts no further at 
the temperature of a wind furnace and undergoes no change under 
the action of atmospheric agents. Under the temperature of the 
electric furnace it contracts further, but under these conditions, it 

1 Schloesing: "Industrie de la magnésie," Compt. rend., loi, 131. 
s This magnesia, to which a small quantity of water is added and strongly compressed 
in a hydraulic press, gives a very hard mass that scratches marble and fluorspar. 
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remains very light, taking on a crystalline appearance and in- 
creases in solidity. 

Ditte has already shown^ that under the action of heat, mag- 
nesia will easily polymerize and that it can increase from 3.193 to 
3.569 in density. The magnesia of the layers of the electric fur- 
nace attains a density of 3.589 and that which has been fused 3.654. 
We have already shown that lime, fused or crystallized in the 
electric furnace, has the same density as that prepared at 800®. 

The property of not being reduced, possessed by a magnesia, is 
possibly due to its polymerization. 

The electric furnace of calcium carbonate has allowed us to 
perform our experiments with much greater rapidity. It is in 
this apparatus that I have been able to accomplish the production 
of the black diamond and the crystalline and transparent diamond, 
the preparation by kilograms and the refining of chromium, 
uranium, tungsten, molybdenum, zirconium, and vanadium. 

It is in this that I have been able to bring silica and zirconia 
into the gaseous state, to distil these substances, to show by the 
heat of the arc the volatilization of copper, aluminum, gold, iron, 
uranium, silicon and carbon. It is also in this furnace that I have 
been able to prepare, with ease, the silicide of carbon, the boride of 
carbon, the boride of silicon, the carbides of calcium, barium and 
strontium in crystalline form, the carbide of aluminum, and the 
various crystalline borides and silicides. 

Electric Furnace for Tubes 

The arrangement of the furnace for crucibles which we have 
described permits the heating of sufficiently large quantities to a 
high temperature, but it is impossible to avoid, with this model of 
furnace, the action of the gas which fills the apparatus. During 
the entire duration of the experiment, the carbon dioxide which is 
produced on account of the decomposition of the calcium car- 
bonate is largely transformed into carbon monoxide. The water 
which is always found in the limestone, in spite of drying as com- 
pletely as possible, constantly gives a mixture of hydrogen and 
carbon monoxide. 

1 Ditte : "De 1' influence qu' exerce la calcination de quelques oxydes métalliques sur 
la chaleur dégagée pendant leur combinaison/' Compt, rend.^ 73, m and 370. 
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In order to avoid the action of these gases in certain reactions 
we constructed our electric furnace in the following manner : A 
piece of the fine-grained rock (as free from silica as possible) is 
cut into the form of a parallelipipedon having a height of 15 cm., 
a length of 36 cm., and a width of 25 cm. 

The internal walls of the cavity are constituted of alternate 
layers of magnesia and carbon, in the manner previously shown ; 
the cover is constructed of a block of the same material. Finally, 
a carbon tube passes through the furnace and the lateral plates 
perpendicular to the electrodes. Its internal diameter can vary 
from 5 to 40 mm.; it is placed i cm. below the arc and i cm. 
above the bottom of the cavity. 



The apparatus, arranged in this manner (Fig. 5) can be 
lieated for many hours with currents which vary from 300 am- 
peres at 70 volts to 1000 amperes at 60 volts. The part of the 
carbon tube which is exposed to this high temperature, is entirely 
transformed into graphite. But if the tube is of pure carbon, and 
it does not touch the lime' and if it has been carefully made under 
a strong pressure, the graphite forms a felting, and the diameter 
of the tube does not change. 

1 TtwclKtrDdeaand (lie (ub« arc wparaled by a thin layer of magnée. 
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in different experiments we placed the tube above the arc, but 
under these conditions the temperature is not as high. 

In order to avoid the direct action of the carbon on the sub- 
stance undergoing the experiment, the carbon tube can be lined 
inside and outside with magnesia. The experiment then is 
limited, it is true, by the volatilization of this oxide; but attain- 
ing this degree of heat, a large number of interesting studies can 
be made. 

It has not been possible to use any other materials than carbon 
in the construction of the horizontal tube. All substances found 
in nature, or which can be made in the laboratory, fuse and 
volatilize before carbon. These carbon tubes present the serious 
inconvenience of being considerably porous. We have endeavored 
to avoid this as much as possible by using double tubes or tubes 
covered by magnesia. All attempts made of fusing on their sur- 
face a cover of silicide of carbon, boride of carbon, or other car- 
bides, have been fruitless ; we nevertheless pursued this study, but 
it would be very desirable for the delicate studies which remain 
to be attempted at elevated temperatures to obtain a perfectly 
tight tube. These carbon tubes are closed at their ends by 
stoppers of moulded magnesia or cut pumice stone. These stoppers 
were provided in the center with round holes for the introduction 
of glass tubes. These different parts fit into each other with 
gentle friction and a tight seal is effected by means of a luting of 
magnesia and alkaline silicate. 

When it is desired to place the substance to be heated in boats, 
a carbon tube having a diameter of 4 cm. and a length of 50 cm. 
is used. It is possible under these conditions to fuse and volatil- 
ize various substances in a current of nitrogen or hydrogen with 
greatest ease. Nevertheless the gas currents used in these ex- 
periments should be very rapid and the gases should be dried 
with the greatest care. This style of furnace we used in the 
beginning of a study on some gaseous reactions at the high tem- 
perature furnished by the electric arc. We hope later on to pub- 
lish the results of the delicate experiments which we pursued in 
this line. 

It is by means of this electric furnace that we have been able to 
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prepare crystalline carbide of silicon, pure and colorless, by the 
direct union of the vapor of carbon and the vapor of silicon. 
This apparatus we used in the studies on the crystalline borides 
of iron, nickel and cobalt, in the preparation of zirconium, pure 
carbide of aluminum, carbide of titanium, the carbides of the 
cerite metals, and in the study of the various nitrides. It is par- 
ticularly useful for the preparation of a compound in a definite 
gas. 

Continuous Electric Furnace 

The above-described apparatus contains a horizontal car- 
bon tube; if the tube be inclined 30°, the furnace is trans- 
formed into an apparatus for the preparation of refractory metals, 
a continuous apparatus in the center of which can be slid the 
mixture of oxide to be reduced and carbon, while the liquid 
metal flows down the inclined plane. In this continuous electric 
furnace, as well as in the electric furnace with a tube, I have 
completely separated the electrolytic action from that of the 
thermal action. 

With a current of 600 amperes at 60 volts, it is easy to obtain, 
in an hour, a limip of fused metallic chromium of about 2 kilo- 
grams. The metal was collected in a hollowed-out piece of lime- 
stone lined with chromium oxide. The metal remains liquid for 
some time, loses all the gfas which it contained in solution and 
begins to undergo the process of refining. A mass is thus ob- 
tained which, after solidification, appears as a white and very 
hard metal, with a fine grain, capable of taking a high polish. 

Furnace with Multiple Arcs 

In the experiments which it is possible to undertake by means 
of the electric furnace, two possible cases can appear : 

(i) If it is necessary to attain a very high temperature, a 
powerful arc is enclosed in the smallest possible cavity. This is 
the case in the furnace of lime or the crucible furnace that we 
have already described. Under these conditions the heat rapidly 
acts on -the sides of the furnace; the lime or magnesia fuses and 
rapidly volatilizes. With currents of 1200 amperes at no volts, 
the apparatus is rendered useless in ten or fifteen minutes. 
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(2) If it is desired to produce a considerable quantity of a metal 
which is formed at a high temperature, we should make a larger 
cavity' in the electric furnace and use the heat gradually as it is 
produced, continuously giving it work to do. In this second in- 
stance, the furnace with an inclined tube, or the furnace having a 
bottom, should be used. 

It is very often possible to form a bottom sufficiently refractory 
to support the metallic liquid which is obtained, and in this case, 
for regulating the heat on a large surface we divide our current 
into a number of arcs. 

In using a bottom which is slightly inclined, it is possible to 
introduce in the higher part an intimate mixture of the oxide with 
carbon. Under the action of one or two arcs, the metal is formed, 
fuses on the bottom, and accumulates on the lower part where 
another arc keeps it liquid while it is refined. The liquid can be 
allowed to flow out by a hole which is opened at the end of the 
operation. In an experiment made on a small scale we were able 
to obtain, at one time, 10 kilograms of fused chromium. In another 
experiment, we obtained 12 kilograms of fused molybdenum. The 
intense heat, produced by the electric arc, can therefore be applied 
in a continuous furnace, and gives, in this case, a regular produc- 
tion of metal whose fusion point can be above 2000°. 

In concluding the description of the different models of electric 
furnaces which we have used in our work, there is yet an im- 
portant point to which attention should be called. 

We have ignored the temperature of these apparatus ; it depends 
on the temperature whicfi can be obtained by the electric arc and 
which, according to Violle, is 3500°. This is a matter on which 
opinion can differ, as for us, after making hundreds of experi- 
ments under widely different conditions, it has seemed that in a 
closed furnace, with a small cavity, the temperature rises with the 
amount of the current. 

It is likely that the vaporization of carbon can, in a certain 
measure, limit the temperature of the arc, when currents are used 
which are not very high ; in the same way the phenomenon of the 
depolymerization of carbon, which occurs, also complicates the 
thermal conditions of the experiment. But it always appeared in 
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the many investigations made, and in studies undertaken with 
widely differing currents, that the more we increased the power, 
the more the temperature increased. With 400 amperes at 70 
volts, it was possible to reduce vanadium oxide by carbon, the 
crucible being placed in an arc of i cm. With a current of 1000 
amperes at 70 volts, this reduction is made with a large arc, and 
about 100 grams of metal were obtained in a few minutes. 

The reduction of titanic acid by carbon furnishes us a striking 
example of the increase of the temperature as a function of the 
intensity of the current. With an arc of 50 amperes at 50 volts 
only the blue protoxide of titanium is obtained whatever the 
length of the experiment may be; an arc of 350 amperes at 50 
volts g^ves us the fused nitride and nothing but nitride; finally, 
with a current of 1000 amperes at 70 volts, this nitride is com- 
pletely dissociated and liquid titanium containing more or less 
carbide is obtained. 

Conclusions. — Many experimenters have hitherto used the 
electric arc to obtain high temperatures, but those who have pre- 
ceded me, have not separated the electric action of the current 
from the thermal. It is this separation which I desired to make 
by taking up only the powerful thermal action that the arc fur^ 
nishes and leaving outside the purely electrolytic action. 

The electric furnaces which I have described are simple and 
practical pieces of apparatus and explain much of the chemistry 
of high temperatures. The services which they can render in the 
laboratory and in industry could be very great. These apparatus 
have allowed us to readily attain temperatures bordering on at 
least 3500** ; it is then particularly these studies which are to be 
pursued, and the first results obtained show the importance of, and 
extent to which these investigations can be carried in this 
direction. 

Crystallization of the Metallic Oxides 

We first applied our electric furnace entirely to the study of the 
crystallization of the metallic oxides, then to volatilization of some 
of the elements. 

In order to study the action of a high temperature on the metal- 
lic oxides, the electric furnace of quicklime previously described 
was used. The oxides were prepared pure and anhydrous. 
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The powdered oxide was packed in the center of the cavity be- 
low the electrodes, and the arc allowed to play. For the first part 
of these investigations, that is to say, in those where a 4 horse- 
power dynamo was used, the carbon electrodes were previously 
submitted to the action of chlorine at a high temperature, then 
cooled in a current of nitrogen. In the experiment where a 35 to 
45 horse-power was used, we employed as electrodes cylinders of 
carbon which were as pure as possible, and which were prepared 
with the minutest precautions. When an intense current is used, 
the reactions can be made on quantities sufficiently large that the 
small quantity of impurities in the electrodes do not strongly in- 
fluence the results of the experiment. 

Calcium Oxide. — When lime is submitted to the action of the 
arc produced by a current of 25 amperes at 50 volts, the mass is 
soon covered with brilliant, white crystals of pure calcium 
oxide. 

These crystals can be obtained in small quantities by means of 
oxyhydrogen blowpipe in the portion heated the highest, that is 
to say, near the jet of the blowpipe. 

If, for pure lime, there be substituted a lime slightly hydraulic 
such as forms the material of the furnace, good crystallization is 
produced. 

These crystals have a density of 3.29 ; they are readily soluble in 

water and on analysis show the following composition : 

lyime 97.30 

Alumina 1.60 

Silica 0.45 

Iron trace 

Although the lime used was very rich in alumina and colored 
yellow by iron, the crystals obtained were completely colorless, 
and were similar to those which St. Meunier and Levallois, in a 
continuous lime furnace, heated by gas.^ 

If a stronger arc is used, 100 amperes at 50 volts, the crystalliza- 
tion becomes more abundant and rapid, but when an arc of 250 
amperes at 70 volts is used the mass fuses and the crystallization 
of the fusion is indistinct. Under these conditions the cavity 
enlarges, the two blocks of lime themselves fuse, and the experi- 
ment is limited by the fusion of the material which constitutes the 

1 St. Meunier and I^evaUois : Compt, rend., June 38, 1880. 
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furnace. Pure lime, free from silica, alumina, or magnesia, fuses 
well, and rapidly. 

After fifteen or twenty minutes, when a furnace of ordinary size 
is used, the external walls are heated to bright redness and the ex- 
periment should be brought to an end. 

If a tension of no volts and 1,200 amperes is used, the fusion 
and volatilization of the lime is energetically produced in a short 
time. In five minutes it is possible to volatilize several hundred 
grams of lime. If the experiment is stopped, the top of the fur- 
nace is covered with a layer of fused lime, 2 or 3 cm. thick, having 
a crystalline fracture. The fused part has a milky, transparent 
appearance, and its density is 3.12 at 18**. Similar results are 
obtained when a furnace of calcium carbonate is used. The arc 
soon forms an oval cavity in the fused lime covered by a white 
layer of lime 2 cm. thick. If a considerable quantity of alumina 
is added to the lime, its fusion point is lowered and its fluidity is 
much increased. 

Fused lime presents an unexpected resistance to hydration. In 
three jars containing distilled water we placed: (i) Lime from 
marble; (2) fat lime of good quality ; (3) pieces of fused lime. 

The lime from marble immediately slakes and the liquid when 
tested with amnlonium oxalate gives a white precipitate. The 
fat lime soon swells and goes very rapidly into solution in water. 
Twelve hours later it is complelety slaked. On the contrary, the 
fused lime does not change in appearance after twenty- four hours' 
contact with water, and the liquid contains no trace of lime in so- 
lution. It must remain forty-eight hours before a sensible en- 
largement is observed, and then lime water is formed. 

Boiling water gave a series of similar reactions. We can con- 
clude from these experiments, that calcium oxide, as long as it is 
not hydrated, is insoluble in water, and that fused lime resists the 
action of water much longer than ordinary quicklime. Air 
saturated with moisture at the temperature of the laboratories 
gives the following results: Lime from marble is completely 
slaked in twenty-four hours; fat lime in forty-eight hours; and 
fused lime does not change its waxy appearance until after forty- 
eight hours ; after three days, it still contains some particles which 
are not hydrated. 
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The experiments were made under a bell- jar supported in a 
large crystallizing dish containing water, and the small pieces of 
lime were placed in cups which floated on the liquid. 

We observed the same gradation in treating the different speci- 
mens with acids. 

Strontia. — Strontium oxide crystallizes like lime under the 
action of an arc of 75 amperes at 50 volts. With a current of 350 
amperes at 70 volts, pure strontium oxide fuses to a transparent 
liquid, which, on cooling, becomes a confused crystalline mass. 
Strontium oxide fuses easier than lime. 

Baryta, — Baryta, as is known, melts at a lower temperature 
than lime. With an arc of 25 amperes at 50 volts, it becomes 
liquid ; it is readily volatilized under the action of an arc of higher 
intensity. On cooling, liquid baryta gives a mass of tangled 
crystals which show a good crystalline fracture. 

Magnesia. — Magnesia crystallizes at a higher temperature than 
lime; it gives bright crystals which sometimes are several milli- 
meters long. , The experiment succeeds very well by working 
with an arc of 120 amperes at 50 volts above a mass of pure mag- 
nesia placed in the center of an electric furnace. When 360 am- 
peres at 70 volts is used, the magnesia forms a milky and trans- 
lucent fused mass. 

Ditte demonstrated in 1871 that magnesia is polymerized by 
successively raising the temperature and that its chemical and 
thermal properties similarly vary. Particularly the density of this 
oxide rapidly increases with the temperature. Ditte has given the 
following figures : 

Density at cP. 

At 350® 3. 1932 

At dull redness 3.2482 

At white heat 3'5699 

In our experiments, made in the electric furnace, we always 
observed that magnesia purified by the method of Schloesing was 
not reduced by carbon. The knowledge of this property was very 
important to us, since it has enabled us to construct the interior 
of our furnace of alternate layers of magnesia and carbon, and to 
use magnesia in the construction of crucibles. 

In view of the ready reduction by carbon at the temperature of 
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the arc of the alkaline earth oxides, alumina, and uranium oxide, 
this stability of magnesia has seemed curious enough to us to 
cause us to investigate the density of the oxide fused in the electric 
furnace. 

These determinations were made in benzene and in absolute alco- 
hol according to the precautions of Ditte in his paper.^ Each of 
the figures given below represent the mean of four determinations. 

The first sample was heated for ten hours in a wind furnace 
heated by retort carbon. The second sample was from the plates 
of magnesia and was partially crystalline. It had been heated 
for two hours by the electric arc. The third was taken from a 
mass of 50 grams of magnesia fused into a single piece in a 
crucible in the electric furnace. 

We obtained the following figures : 

Density at 20°. 

1. MgO (wind furnace) 3'577 

2. MgO (blocks of the furnace) 3*589 

3. MgO (fused mass) 3.654 

This increase in the density indicates that the polymerization of 
magnesia continues up to its melting-point. The density can vary 
between 3.19 and 3.65. 

AltmiincL — In order to study the action of the arc on pure 
alumina, the latter is placçd in a carbon crucible in a lime furnace. 
It is impossible to operate on a small quantity of alumina placed 
in a lime furnace. Under these conditions a liquid calcium 
aluminate rapidly forms. With an arc of 25 to 30 amperes at 50 
volts, the alumina fuses and crystallizes rapidly on cooling. If a 
small quantity of chromium sesquioxide is added, small red crys- 
tals of ruby can be separated from the mass. These rubies are 
not so good as those prepared by Fremy and Verneuil; but the 
rapidity of the experiment which lasts only ten or fifteen minutes, 
makes possible the preparation of crystalline rubies. Prob- 
ably the easy volatilization of the alumina would allow good 
crystals to be obtained by this means. We have not followed 
this study further. 

When the arc is more powerful, as from the current of 250 
amperes at 75 volts, and the experiment is continued twenty 
minutes, the alumina not only fuses, but volatilizes so completely 

1 Ditte : "De l'influence qu' exerce la calcination de quelques oxydes métalliques sur 
la chaleur dégagée pendant leur combinaision,'* Compt. rend.^ 73, m and 191. 
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that nothing remains in the crucible. This permits the repetition 
in several minutes of the famous experiment of Ebelmen on the 
synthesis of corundum by the volatilization of boric acid in a 
porcelain furnace. 

When the experiment is very short, three to five minutes, the 
crystallization is indistinct and the crystals lose their brilliancy. 

With an arc of 300 amperes at 60 volts, fused boric acid is com- 
pletely volatilized in a few minutes. 

Oxides of the Iron Group, — Chromium sesquioxide, heated 
with an arc of 30 amperes at 55 volts, fuses and gives a black, 
shining, knotted mass, containing small, dark-colored crystals 
which, on treatment with potassium nitrate and precipitation with 
mercurous nitrate, gave the following results : 

Pound. 

4 « » 

Theoretical I. II. III. 

Chromium 52.22 51.82 51.60 52.32 

Oxygen 47*7® •••• •••• •••• 

These crystals are very hard and show a green streak on por- 
celain. Chromium sesquioxide, when fused, combines rapidly 
with calcium oxide. In the lime furnace, in which chromium was 
refined, hundreds of grams of this well-crystallized double oxide 
were obtained. Similar brilliant and leaf-like crystals were some- 
times found on top of the furnace. 

We have been able to prepare many of these double oxides by 
heating a mixture of quicklime and chromium sesquioxide in vary- 
ing proportions in a limestone furnace, with a current of 1000 
amperes at 50 volts. The fused mass, when removed from the 
furnace, frequently shows géodes containing small, transparent, 
yellow-colored, crystal plates, which are slowly decomposed by 
water or moisture. The compound contained only lime and chro- 
mium oxide. On analysis they have the following figures : 

Pound. 
Theory for *^ ^ 



Cr808.4Ca0. I. II. III. 

Chromium 27.2 26.9 26.8 27.6 

Calcium 41. i 41.4 42.5 

« They consequently appear to agree to the formula Cr208.4CaO. 
Near these yellow plates we frequently found dark green needles 
several millimeters long, but have not studied them. 

Manganese dioxide, under the action of the arc, rapidly fuses ; 
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it boils with evolution of oxygen and gives liquid protoxide which 
is absorbed by the lime, forming a brown-colored, crystalline mass, 
which probably consists of a combination of the two oxides. 

Iron sesquioxide rapidly fuses and loses part of its oxygen. 
Magnetic oxide, FejO^, is formed as a liquid and becomes par- 
tially crystalline. 

This oxide, like chromium sesquioxide, readily forms crystal- 
line combinations with lime. These compounds are produced with 
such ease that it has always been impossible to melt iron in the 
small cylindrical lime crucibles heated on the bottom by an oxyhy- 
drogen blowpipe. The magnetic oxide which is formed under 
these conditions unites with the lime; the latter becomes brown, 
softens, falls together and allows the liquid which it contains to 
run out. After the experiment has been completed, the entire 
bottom of the crucible has been transformed into a double oxide of 
calciimi and iron. 

Nickel peroxide forms a fused mass covered with small, green, 
transparent crystals. 

C oh alt protoxide, which also fuses very rapidly, forms rose 
crystals. 

Titanic acid, under the action of a current of 25 amperes at 50 
volts, forms well-defined, prismatic crystals, dark in color, which 
correspond in appearance and properties to the lower oxide of 
titanium. 

If a current of 100 amperes at 45 volts be used, this peroxide 
first fuses, after heating three minutes, is partially dissociated, and 
at the end of eight minutes is completely volatilized. 

All of the experiments described were made on the oxide not in 
contact with carbon and the mass was heated several centimeters 
from the arc, in order to avoid the reducing action of the carbon 
vapor. 

Copper Oxide. — Copper oxide is completely decomposed in the 
electric furnace; it gives small particles of metallic copper and a 
crystalline double compound of oxide of calcium and oxide of 
copper. 

Zinc Oxide. — Amorphous zinc oxide is volatilized in a few 
moments and forms transparent needles several centimeters in 
length, which deposit on the apertures of the furnace and on the 
carbon electrodes. 



28 THE ELECTRIC FURNACE 

Conclusions. — ^At a temperature slightly above 2000°, lime has 
sufficient vapor-tension to allow good crystals to form. When the 
heat of the electric arc is above this, the lime melts and the liquid, 
on cooling, takes on a crystalline form. Under the action of a 
higher temperature, the lime boils and readily distils. 

Strontia and baryta crystallize and melt at lower temperatures. 

Magnesia, below its melting-point, gives vapors which condense 
into bright crystals. With a great elev^ition of temperature, it 
fuses, but with greater difficulty than lime, and finally passes into 
a state of vapor. 

Alumina is more readily volatile than lime or magnesia. It is, 
therefore, readily apparent why, in the ordinary wind furnace, it 
is possible to volatilize alumina and obtain crystals of corundum. 
On fusion, a crystalline mass is formed to which a trace of 
chromium gives a ruby color. 

In the electric furnace, boric acid, titanium protoxide, and zinc 
oxide are rapidly volatilized. Copper oxide is dissociated into 
oxygen and into copper which distils. 

The oxides of the iron group, stable at high temperatures, give 
fused masses covered with small crystals. In all of our work, a 
simple elevation of temperature has been sufficient to effect the 
crystallization of the metallic oxides. 

Since our first work in this line, Dufau made a study on the 
crystallization of oxides, by means of the electric furnace, and has 
shown the existence of a chromite of calcium, Cr203,CaO; of a 
tetrachromite of barium, 4Cr203,BaO ; of a cobaltite of magne- 
sium, MgCoOg ; and of a nickelite of barium, BaO,2Ni02. 

Finally, on applying the same method to the crystallization of 
the sulphides, Mourlot has reproduced alabandite or sulphide of 
manganese, previously obtained in the wet way by Baubigny and 
in the dry way by Gautier and Hallopeau. He also prepared the 
sulphides of chromium, zinc, cadmium and aluminum. 

Fusion and Volatilization of Some Refractory Bodies 

We dwell more particularly, in this chapter, on those experi- 
ments which show the volatilization of some of the metals and 
non-metals, and on the ready distillation of silica and zirconia. 
In order to condense the vapors of these refractory bodies, volatile 
at a very high temperature, we used a metallic tube cooled on the 
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inside by a current of \^ter, which we described in our electric 
furnace of limestone for crucibles. As an example of the use of 
the cold tube, we mention the action of heat on two stable com- 
pounds in inorganic chemistry; namely, the pyrophosphate and 
the silicate of magnesium. 

Magnesium pyrophosphate was submitted, for five minutes, in 
the electric furnace to the action of an arc of 300 amperes at 65 
volts. After a short time, a large amount of vapor was given 
off.. A current of water having a temperature of 15.4° was passed 
through the cold tube placed in the furnace before the experiment. 
At the end of the operation and at the time when the furnace was 
in full operation, the .temperature of the water which was passed 
from the tube was only 17.5°. Under these conditions, the vapors 
which are formed in the center of the furnace are readily con- 
densed on the cold tube. . When the latter was withdrawn from 
the furnace, we found it partially covered with ordinary phos- 
phorus which, inflamed by friction, or slowly oxidized in the air, 
gave a syrupy covering which strongly reduced silver nitrate. 
Besides the phosphorus, we detected the existence of magne- 
sium on the tube.^ 

In another experiment we heated asbestos (magnesium silicate 
containing a little iron) in a carbon crucible for six minutes. The 
current measured 300 amperes at 75 volts. After the experiment, 
there remained only a very small quantity of the fused silicate in 
the crucible and a small ferruginous globule having a bright 
fracture and containing 1.6 per cent, of magnesium and 0.7 per 
cent, of silicon. 

The cold tube was covered with a gray powder, containing a 
large quantity of silica, magnesia, and small quantities of carbon 
and silica. We also found spherical particles of transparent 
silica, which scratched glass and gave the characteristic reaction 
for silica in a salt of phosphorus bead. 

These two preliminary experiments, which we picked out from 
many others, demonstrate that the most stable salts are dissociated 

1 There remained in the crucible, a gray, porous, fused mass which, on analysis, gave, 
for phosphoric aâid and magnesia, very different figures from those on the pyrophos- 
phate used : 

Pyrophosphate. Fused mass. 

Phosphoric acid 63.96 43.84 

Magnesia 36.04 55.58 
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at the temperature of the electric arc, and that it is possible to 
collect and study the decomposition products. 

A. Volatilization of Metals 

Copper. — A piece of copper weighing 103 grams was placed in 
a carbon crucible in the electric furnace. It was heated five 
minutes with a current of 350 amperes at 70 volts. After a 
minute or two, brilliant flames, 0.40 to 0.50 meter long, played 
with force from the openings through which the electrodes pass in 
each side of the furnace. These flames terminated in clouds of 
yellow smoke produced by the formation of copper oxide, from 
the combustion of metallic copper. After the experiment had 
been continued for five minutes the current was stopped. The 
fused mass which remained in the crucible weighed only yy grams. 
Under these conditions, 26 grams of copper were volatilized. 

Around the crucible in the horizontal part which lies between 
the cover and the furnace there was found a large golden circle of 
fused copper globules from the distillation of the metal. The 
yellow vapor collected gave up copper oxide when treated with 
dilute hydrochloric acid in the cold, leaving a residue of small 
spheres of metallic copper, black on the surface and soluble in 
nitric acid. 

Silver, — It has been known for a long time that silver is volatile 
at a high temperature. In the electric furnace, it is possible to 
boil silver. It distils . with greater ease than silica or 
zirconia. A large quantity of fused globules were obtained as 
well as an amorphous gray powder, and arborescent particles. 

Platinum, — Heated in the electric furnace, platinum fused and 
in a few moments was volatilized. The metal was collected in 
small bright globules, and as a powder on the cooler part of the 
electrodes or on the surface of the lower block a few centimeters 
from the crucible. 

Aluminum, — Heated for six minutes with a current of 70 volts 
and 250 amperes a gray coherent powder was obtained on the cold 
tube, which, when shaken with water, broke up into small spheres 
of aluminum which settled to the bottom of the vessel. These 
spheres had a metallic appearance and were attacked by hydro- 
chloric or sulphuric acid with evolution of hydrogen. From the 
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vapors which esca^ from the furnace, it is possible to collect, on 
an asbestos board, small spheres covered with alumina. 

Tin, — ^Length of experiment, eight minutes. Strength of the 
current, 380 amperes at 80 volts. When the furnace is in full 
action, there is an abundant evolution of white smoke around the 
electrodes. On the tube is found a small quantity of tin oxide 
soluble in dilute hydrochloric acid, and small, white globules of 
gray substance having a fibrous appearance and forming a felt. 
The fibrous portion and the metallic spheres, when treated with 
hydrochloric acid, gave an evolution of hydrogen; they were 
metallic tin. It is easy to condense small particles of metallic tin 
mixed with oxide on the outer part of the furnace. 

Gold. — Length of experiment, six minutes. Strength of the 
current, 360 amperes at 70 volts. 107 grams of gold were placed 
in a crucible; after the experiment there remained but 59. 
During the experiment, large quantities of a yellow-green-colored 
smoke were evolved. The cold tube was covered with a dark- 
colored powder with a purple reflection. Under the microscope, 
with a low power, small regular spheres of fused gold having a 
beautiful yellow color could be distinguished, ^^ese globules 
were readily soluble in aqua regia and the solution gave the 
characteristic tests for gold. 

When the vapors of the furnace were condensed on an asbestos 
board, at the highest heated portion, numerous, small globules of 
metallic gold were formed. Around this portion, which was 
pure yellow, there was a band of red, and farther away a beautiful, 
dark purple color. 

Manganese. — This metal, of which the volatilization has recently 
been shown by Jordan, gives very interesting results. We de- 
scribe here only one experiment that appeared characteristic. 
Length of heating, ten minutes ; strength of current, 380 amperes 
at 80 volts. 400 grams of metallic manganese were placed in 
the crucible. During the experiment, much smoke was evolved, 
and at the end, we found a Itmip of metallic carbide weighing a 
few grams. Moreover, in each case in the preparation of manga- 
nese in the electric furnace, too long heating left no metal in the 
crucible. 

Iron. — ^Length of experiment, seven minutes. Strength of cur- 
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rent, 350 amperes at 70 volts. There was obtained on the cold 
tube, a thin gray, lumpy powder possessing some bright faces, 
malleable enough to yield under a knife blade, mixed with a gray 
powder, having the color of iron reduced by hydrogen. This 
powder became bright by burnishing, and a sample was completely 
•soluble in dilute hydrochloric acid with evolution of hydrogen. 

On the asbestos board where the metallic vapor was condensed, 
small spheres of the magnetic oxide and black globules of the same 
compound having a rough surface were obtained. 

Uranium, — Length of experiment, nine minutes. Strength of 
current, 350 amperes at 75 volts. On the cold tube there was 
obtained a large quantity of small metallic spheres, mixed with a 
deposit of gray powder, which was readily soluble in acids with 
evolution of hydrogen, the solution giving all the characteristic 
tests of uranium salts. On the asbestos board, there was found a 
large quantity of yellow sphere^ which, crushed in an agate 
mortar, lost their crust of oxide, became gray, and took on a 
metallic appearance. These spheres of distilled uranium do not 
contain carbon and are not attracted by the magnet. 

fi. Volatilization of the Non-Metals 

Silicon. — With a current of 300 amperes at 80 volts it is pos- 
sible to volatilize silicon. On the cold tube, are formed small 
spheres of fused silicon, which are attacked by a mixture of nitric 
and hydrofluoric acids. These spheres are mixed with a gray 
powder and a small quantity of silica. If the vapors are condensed 
on an asbestos board, it is observed that a large part of the silicon 
has been transformed into silica. It is possible to show this 
volatilization of silica by the arrangement shown on page 7.^ 

Crystalline silicon prepared by the methods of Deville or 
Vigouroux was placed between the two vertical electrodes. When 
the arc was allowed to play, there could be easily seen, by means 
of a projected image, the silicon beginning to fuse, then to boil. 
Where the electrodes cooled, there was found on the end sur- 
rounded by the graphite formed, light green crystals of carbon 
silicide. 

Boron. — It is not possible to volatilize boron from a crucible in 
the electric furnace since, under these conditions, it is transformed 

* See also H. Moissan : "Reproduction du diamant." Ann. chim. phys.^ St 4^6. 
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into carbon boride. When pure amorphous boron prepared by 
means of magnesium^ is introduced and the experiment pro- 
jected, as above mentioned, the boron was observed to become 
red, then become surrounded by a large green ring, and disappear 
without fusing. 

After the experiment there was found on the ends of the elec- 
trodes small black masses having a fused appearance, showing 
some crystalline points which were formed by carbon boride of 
definite composition. 

In the experiment it is necessary to have the carbon electrodes 
as pure as possible. It should not be forgotten that with a large 
quantity of boron, along with the compound of boron and carbon, 
boric acid can appear. It quickly melts and boils but can be 
easily removed by boiling water. 

From this experiment it can be concluded that boron passes 
from the solid to the gaseous state without becoming liquid. 

Carbon. — Length of experiment, fifteen to twenty minutes. 
Strength of current, 370 amperes at 80 volts. On heating, under 
these conditions, a crucible filled with large pieces of carbon near 
the arc, the whole mass was transformed into graphite and after 
the experiment very light translucent layers of chestnut-brown 
color were observed on the cold tube. Berthelot, in his numerous 
experiments on the progressive condensation of carbon, has shown 
the existence of a light carbon of a chestnut color. This material 
was separated from the lime that had been volatilized along with it, 
by dilute hydrochloric acid. The residue, thus obtained, burned 
readily in oxygen with the formation of carbon dioxide. Later 
on, we will study in more detail the properties of this vapor of 
carbon. 

C. Oxides 

The experiments previously described on the crystallization of 
the oxides completely demonstrate the volatility of these com- 
pounds ; such oxides as lime, magnesia, and zirconia need only be 
mentioned. 

Lime, — With a current of 350 amperes at 70 volts, lime can be 
volatilized in eight to ten minutes. With these conditions, there 
is obtained, on the cold tube, lime which has the form of an amor- 

1 H. Moissan : 'Preparation du bore amorphe," Compt. rend., 114, 392. 
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phous powder, but does not show little spheres. Large quantities 
of the vapor of calcium oxide issue from the furnace. With a 
current of 400 amperes at 80 volts, the experiment is completed in 
five minutes. Finally, with a current of 1000 amperes at 80 volts, 
it is possible to volatilize in five minutes more than 100 grams of 
calcium oxide. 

Magnesia. — Magnesia is more difficult to volatilize than lime; 
besides, its boiling-point is close to its melting-point. When 
magnesia is fused, it gives off vapors which can be condensed on 
the cold tube. This experiment is made with a current of 360 
amperes at 80 volts. The distillations become very pretty and 
very rapid when a current of 1000 amperes at 80 volts is used. 

Zirconia, — When zirconia is submitted to the high temperature 
of the electric furnace, the oxide quickly fuses. At the end of ten 
minutes, when a current of 360 amperes at 70 volts is used, large 
quantities of white fumes are evolved. These fumes are formed 
by the vapor of zirconia for at this high temperature the zirconia 
is boiling. By condensing these vapors on a cold body, a white 
powder is obtained which is treated with a large quantity of dilute 
hydrochloric acid to remove the lime which it contains. After 
treatment with boiling water and drying, a white powder remains 
which, under the microscope, shows white, rounded masses, con- 
taining no transparent particles. This powder exhibits all the 
characteristics of zirconia. It scratches glass readily and has a 
density of 5.10. After cooling, the crucible is found to contain a 
mass of fused zirconia, which shows a crystalline fracture. 
Inside the furnace, in the portion which had been the least heated, 
characteristic crystals of zirconia were sometimes found. They 
resembled transparent dendrite, had a vitreous luster, scratched 
glass, and were not attacked by sulphuric acid. A crystalline 
combination of lime and zirconia also exists. 

Silica. — Pieces of quartz, placed in a carbon crucible, were 
submitted to the action of the electric arc produced by a current of 
350 amperes at 70 volts. In a short time, the silica commences to 
fuse and in seven or eight minutes begins to boil. A blue smoke, 
lighter than that produced by zirconia, is seen coming from the 
apertures of the furnace, through which the electrodes pass. 
While the experiment continues, these vapors are abundantly 
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evolved. They can be condensed by placing an inverted crystal- 
lizing dish some distance frcan the opening in the furnace. The 
interior becomes rapidly covered with a light layer of a substance 
which is not very transparent, and is of a li^t blue, white color. 
On treating the contents of the crystallizing dish with water, and 
on examining this residue with a magnifying glass or microscope 
of weak power it is seen to be formed of opalescent spheres, which 
are readily soluble in hydrofluoric acid. These little spheres of 
silica (Fig. 6), visible to the naked eye, are plentiful ; they s<Mne- 




Fig. 6. Sphere» of sHioi. 

times exhibit in a portion, a hollow part seeming to indicate that 
fused silica contracts on passing from the liquid to the solid state. 
Along with these spheres, a large number of particles of amor- 
phous silica were found. 

To prepare this product in quantities, it is better to use a furnace 
whose cover has a vertical opening above the crucible, allowing 
the vapors of silica to pass out. A glass bell-jar or metallic re- 
ceiver is placed over this opening (Fig. y), when it is possible to 
obtain, in ten or fifteen minutes, 20 grams of a very light, white 
powder which is purified from the contaminating iime by treat- 
ment with dilute hydrochloric acid. The form of the condensed 
silica naturally depends upon the rapidity with which the vapor is 
cooled. The cooling should not be too rapid when a quantity of 
spheres of silica are desired. This silica is easily soluble in hydro- 
fluoric acid, dissolving in the cold with a slight hissing noise. It 
is easily attacked by fusion with potassium hydroxide and by the 
alkaline carbonates. Its density is 2.4 which is less than that 
of quartz ; these little spheres easily scratch glass. 

By studying the deposit formed in the glass globes around an 
electric arc lamp, we found spheres of silica similar to those 
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described here. It is particularly to this volatilization of the 
silica that the glass globes of the arc lamps, which have been used 
for some time, owe their coalescence. This silica comes from the 




TMg. 7. Electric furnace arranged for the volaliliialion of ailica. 

impurities of the carbon electrodes. We would mention that 
silica, at this temperature, is easily reduced by carbon, giving a 
crystalline silicon carbide, as does pure silicon. 

Zirconia and silica rapidly fuse in the electric furnace and after 
seven or eight minutes they pass by boiling into the gaseous con- 
dition. 

Conclusions. — At the high temperature produced in our ex- 
periments by the electric arc, the metals and non-metals, which are 
commonly regarded as refractory, are volatilized. The most 
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stable compounds in inorganic chemistry disappear in the electric 
furnace either by dissociation or by volatilization. There is, how- 
ever, a new series of perfectly crystalline bodies which have an 
exceptional stability that we will describe later. 

They are the metallic borides, the silicides and especially the 
carbides. 



CHAPTER II 
The Varlotts Modifications of Carbon 

FIRST PART 
Amorphous Cart)on 

Of all the elements, carbon occurs in the most curious allotropie 
forms. The opposite properties and the differences of the 
specific heat of diamond, graphite and lampblack, have for a long 
time attracted the attention of chemists. After separating and 
studying the laws of the animal and vegetable kingdoms, the 
chemistry of carbon has produced a large number of new com- 
pounds. It has taken such a range that it is possible to use the 
remark of Bertnelot, "Chemistry creates the objects for its re- 
searches." But in the imposing array of researches, chemists 
themselves are attached to the production of certain derivatives, 
new syntheses, some of which have found industrial application, 
rather than to the extension of our knowledge of the properties of 
simple bodies which serve as the starting-point. The hypothetical 
form of the carbon atom is frequently discussed while there exist 
but comparatively few experiments on the physical and chemical 
properties of this same carbon. This subject deserves further 
study. 

In prder to prepare the artificial diamond we have made a 
general review of the work on the different varieties of carbon. 
We give here a review of the subject treating successively of 
amorphous carbon, graphite and diamond. First we deal with 
amorphous carbon. It is known that the properties of this variety 
of carbon can vary within wide limits. The resistance to oxida- 
tion, for example, has been studied by Ditte.^ 

In comparative experiments he showed that the varieties of 
carbon, when heated in a sealed tube with a concentrated solution 
of iodic acid, are attacked at different temperatures. 

After some experiments made with iodic acid, permanganate of 
potassium, chromic acid and nitric acid, we prefer as a means of 

1 Ditte : "Recherches sur Tacide iodique," Thèse de la Faculté des Sciences de Paris, 
No. 333, 1870. 
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oxidation, a mixture of sulphuric acid and potassium bichro- 
mate. 

Different chemists have been occupied with the preparation of 
amorphous carbon. Among the work undertaken on this subject 
we recall in particular that of Gore/ who showed that carbon was 
insoluble in carbon dioxide, in cyanogen, and in liquid hydro- 
chloric acid. He studied the action of sulphide of carbon on 
silver, lead and mercury, at ordinary temperatures. He tried 
as well the action of a voltaic couple, formed of sheets of platinum 
and aluminum on the hydrocarbons and on organic compounds. 
In most cases there was no decomposition. 

It is known that amorphous carbon can form in a number of 
decompositions, as in the action of metallic sodium or magnesium 
on carbon dioxide. Winkler^ studied more particularly the action 
of magnesium on the alkali and alkaline earth compounds; he 
showed the formation of amorphous carbon under these conditions 
without dwelling on the properties of the bodies obtained. In the 
same order of ideas comes the study of Dragendorff on the 
liberation of carbon by the action of phosphorus on the fused 
alkaline carbonates,^ as well as that part of the work of Gore, in 
which he describes the action of phosphorus on fused cyanide of 
potassium. 

It is also seen that in these reactions the heat evolved is great. 
We are not concerned with the carbon obtained under these con- 
ditions; on the contrary, all our efforts have been directed to a 
study of the liberation of carbon at a temperature as low as 
possible and in very slow reactions. 

The brilliant work of Berthelot on the different states of carbon, 
the theory of the pyrogenic carbides, the synthesis of acetylene by 
the vapor of carbon, and on the humic acids, constitutes the most 
important work hitherto made on this subject. 

Commercial Lampblack. — The lampblack which we studied 
was produced by the decomposition of petroleum by heat. The 
temperature of its formation, which is quite irregular, is for the 
most part of the mass little above a low red heat. We took this 
point as the comparison in the study of amorphous carbon. 

1 Gore: Chem. NewSy 50, 125 (1884). 

« C. Winkler : Ber. d. chem. Ges., J3, 2642 (1890). 

« Dragendorff : Chem. Central., Nov. 20. 1861, p. 865. 
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The material was purified by successively treating it with ben- 
zene, alcohol, and ether. This purification is necessary as the 
quantity of hydrocarbons contained is considerable. After wash- 
ing with ether, the dry black powder was placed in a drying oven 
and the temperature slowly raised to 150°.^ The lampblack 
floats on iodide of allyl having a density of 1.87 and sinks in 
propyl iodide whose density is 1.78. Lampblack thus prepared is 
far from pure. It retains with great tenacity small quantities of 
the hydrocarbons, and water which it is impossible to remove. 
It contains as well a little nitrogen. 

In order to make an analysis of this variety of carbon, it is first 

heated in a vacuum to the point where ordinary glass softens, in 

order to polymerize it and render it easier to handle. It evolves 

water and traces of hydrocarbons. The black powder gave the 

following figures :' 

I. II. 

Ash 0.22 0.34 

Carbon 93.21 92.86 

Hydrogen 1.04 1.20 

If we calculate* the hydrogen as water we find that we exceed 
TOO per cent, which seems to indicate that a small quantity of 
hydrogen, less than i per cent., without doubt exists as hydrogen; 
the remainder appears as water which it is impossible to com- 
pletely remove from the lampblack. If it is not dried in vacuum 
and at a low red heat, the quantity of water is much greater. 
The crude material gave, on analysis, the following figures : 

Carbon 87.49 

Hydrogen 2.76 

If the hydrogen is calculated as water, there is obtained : 
C 87.49 + H2O 24.88 24.88 = 1 12.37. 
This total hydrogen 2.76 is both the hydrogen existing as water 
and as combined hydrogen. The latter appears as organic matter 
probably in the form of a hydrocarbon. This constant presence, 
in amorphous carbon, of hydrocarbons, hydrogen, and other 
simple bodies, has been known for a long time. We recall numer- 
ous examples. Berthelot has drawn from these facts the follow- 
ing conclusions: 

1 This treatment with alcohol and ether should be prolonged to eliminate the last 
traces of benzene which the lampblack retains. 
* Two analyses were made on different samples. 
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"In reality, the carbon cannot be regarded as a real element ; on 
the contrary, it resembles a highly condensed hydrocarbon, with 
unusually little hydrogen and an unusually high molecular weight. 
In a certain measure, pure carbon means a border state that can be 
reached only by the highest temperature that we can produce. 
As known in the free state, it represents the extreme border of 
molecular condensation, that is to say, a state removed as far as 
possible from that of the element carbon, brought into a gaseous 
condition and comparable to hydrogen. This explains why car- 
bon never separates at a low temperature, contrary to hydrogen 
and the most of the elements.^ 

When the composition of this lampblack was determined, ex- 
periments were made on samples purified by solvents and not 
heated.^ When heated with a mixture of loo grams sulphuric 
acid and i6 grams of potassium bichromate, the lampblack is 
attacked at 60°. At this temperature, a slight boiling in the 
mass is observed, produced by the carbon dioxide which is evolved. 
The experiment is made by introducing about o.oi gram of lamp- 
black into a glass tube i cm. in diameter, in which has been placed 
2 cc. of the oxidizing mixture. The top of the tube is drawn out 
and bent into a reversed U-shape and dipped into a small test-tube 
which contains a clear solution of barium hydroxide. When the 
evolution of gas begins, the baryta water becomes clouded. This 
little apparatus is placed in a glycerin bath and a thermometer is 
placed beside it. The temperature of combustion in oxygen was 
determined by means of the pyrometer of Le Chatelier and is 371°. 

Lampblack, thus purified, has enabled us to establish the in- 
fluence of temperature on the polymerization of this body. To 
this end the following experiments were made : 

1. The lampblack was heated for five minutes in a small porce- 
lain crucible, by means of a blast-lamp, to 910°. After heating. 
It was not attacked by the chromic acid mixture at 90° and began 
to bum in oxygen at 440°. 

2. It was heated at the same temperature for three hours. The 
material obtained began to be attacked by the chromic acid mix- 

1 Berthelot : "Théorie des corps pyrogénés," Ann. chim. phys.y 4e série, 9, 475. 

s Berthelot has shown that lampblack contains a trace of graphite due to the com- 
l>ined influence of heat and oxidation. Berthelot : ''Recherches sur les états du carbon,** 
Ann, chim. phys.^ 4e série, 19, sçi. 
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ture at 95°, and the temperature of combustion in oxygen rose to 
476®. Its density was 1.87. 

3. After being heated for six hours, the lampblack was attacked 
by the chrcmiic acid mixture at 99® and burned in oxygen at 506**. 

Therefore the polymerization of carbon, under the action of 
heat, for a constant temperature, is not instantaneous, but depends 
on the length of time of heating. 

Amorphous Carbon Obtained by the Incomplete Com- 
bustion OF Acetylene. — The ready production of acetylene from 
fused and crystallized calcium carbide, the preparation of which 
has been shown in the electric furnace, has permitted the formation 
of this hydrocarbon in a sufficiently pure state to prepare amor- 
phous carbon. The acetylene gas is allowed to bum at the ends 
of glass tubes having a diameter of 6 mm. Above each flame, is 
placed a cylinder of copper 3 cm. in diameter, which is cooled by 
the passage of a current of cold water. Lampblack forms on the 
metal in large masses resembling mushrooms. 

Under the microscope, this carbon does not show a homogeneous 
color, some parts being more or less brown ; when it is heated, it 
loses some volatile products, and on treatment with benzene, a 
small quantity of carbon compounds is extracted. It contains a 
little nitrogen but not as cyanides. This carbon is purer than the 
lampblack of commerce. The purification of this specimen was 
effected by successive extractions with benzene, alcohol and ether. 
The properties of this amorphous carbon are quite similar to 
those of lampblack; it is attacked by the mixture of sulphuric 
acid and potassium bichromate at a temperature of 92°. In oxy- 
gen, its temperature of combustion is 375° and its density 1.76. 
Heated to dull redness in a vacuum it lost no volatile hydrocar- 
bons ; it lost water and then gave the following analysis : 

Ash O.T2 0.80 

Carbon 92.71 92.53 

Hydrogen 0.96 i.oo 

The amorphous carbon obtained by the incomplete combustion 
of acetylene is consequently purer than the ordinary lampblack; 
but its analysis shows that it also retains some water which does 
not go off at a low red heat. 

Amorphous Carbon Obtained by the Expu)Sion of Acet- 
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YLENE. — Berthelot has shown that acetylene gas can be suddenly 
decomposed into carbon and hydrogen by means of a small charge 
of mercury fulminate.^ 

Thanks to Vioille, we have been able to prepare a considerable 
quantity of this amorphous carbon. This carbon contains not 
only traces of hydrogen, but also a small quantity of lead, from the 
cartridge used in the explosion. Under the microscope this car- 
bon has a beautiful black color. It gives on analysis : 





Found. 




I. 


II. 


III. 


7.21 


7.51 


8.03» 


92.30 


92.61 


92.52 


0.41 


0.40 


0.40 



Ash 

Carbon 

Hydrogen 

Outside of the quantity of lead which it contains, this variety 
of amorphous carbon is purer than any we have studied. It con- 
tains very little hydrogen and was carefully treated with reactive 
liquids. It does not lose carbon compounds with acids, alkalies, 
or hydrocarbons. It contains no trace of nitrogen. It is attacked 
by the different oxidizing agents at the following temperatures : 

Potassium permanganate (6.5 grams to 100 HjO) 98^ 

Commercial fuming nitric acid 80° 

Pure fuming nitric acid 106° 

Chromic acid mixture (as before) 98° 

Combustion takes place in oxygen at 385°. 

We thus see the result of the influence of temperature and 
possibly of pressure on amorphous carbon. It is attacked by the 
chromic acid mixture and bums in oxygen at a higher temperature 
than the carbon obtained by the combustion of acetylene in the 
air. 

Action of Sul,phuric Acid on Starch. — ^When fuming sul- 
phuric acid is allowed to act on starch at 200° for twenty-four 
hours, a black substance is obtained, which is purified by washing 
with cold water, alcohol and ether. 

The black powder is homogeneous under the microscope, but is 
not pure carbon. It is organic matter, richer in carbon than the 

I Berthelot : " De la force des matières explosives," Vol. I, p. 109. 

* These analyses, like the preceding, show that amorphous carbon is not absolutely 
homogeneous. 
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humic add obtained by Berthelot and André.^ It shows by its 
partial solution in alkalies, that it is only a decomposition product, 
a step toward the element carbon. This black material dried at 
400° gave, on analysis, the following figures : 

Ash 2.64 

Carbon 73-69 

Hydrogen 2.29 

If the black residue obtained by the decomposition of sugar by 
fuming sulphuric acid be heated in the air, a large part of the or- 
ganic matter is destroyed and a less impure carbon is obtained.* 
It actually contained: 

Ash 4.26 

Carbon 88.21 

Hydrogen 0.75 

But as the impure carbon is already polymerized by the action of 
heat, it is of no interest to us. 

Action of Ferric Chu)Ride on Anthracene. — When pure 
crystallized anthracene is heated with a saturated solution of fer- 
ric chloride to 180® in an apparatus having a reflux condenser, 
decomposition takes place. After treatment for twenty-four 
hours, a dark chestnut-colored powder is formed which, on dry- 
ing, becomes black. After many successive treatments with hy- 
drochloric acid, then with boiling water, the substance is finally 
extracted with benzene, alcohol, and ether; this latter treatment, 
if continued a long time and repeated, removes the most of the 
hydrocarbons, which the powder retains with the greatest energy. 
The product, thus prepared, is a mixture of ferruginous organic 
matter, which, on heating, gives volatile products. Analyses gave 
the following figures: 

Ash 21.29 

Carbon 62. 17 

Hydrogen 0.91 

Here also we obtain a transition carbon compound. Examined 
under the microscope, the material is not homogeneous ; there are 
particularly found fine needles which are easy to distinguish and 

1 Berthelot and Andr« have studied the black material which is produced by the 
action of the boiling, concentrated hydrochloric acid on sugar. They obtained a humic 
add which contained 63-64 per cent, carbon. Berthelot and Andr«: Ann, cht'm. phys.^ 
6e série 35, 364 (1892). 

s This carbon always retains some sulphur, which becomes an integral part of the 
molecule. 
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which were formed by the chloride of Julin (CeCle). The ash is 
very rich in iron sesquioxide, the metal taking part in the combi- 
nation. This preparation does not furnish pure carbon. 

Action of Heat on Carbon Tktraiodidk. — Pure crystalline 
carbon tetraiodide was prepared by the action of boron iodide on 
carbon chloride.^ Carbon iodide heated to 200° in a vacuum de- 
composes into protoiodide, iodine and a black substance, which, 
examined under the microscope, is amorphous. At first sight, 
this black amorphous powder might be taken for a variety of 
carbon, but it is not; it is the combination of the iodide and 
carbon which again goes to show how difficult it is to separate 
carbon at low temperatures from those substances in which it is 
found combined. Analysis gave 45.44 per cent, carbon but no 
hydrogen. We recall that the decomposition of the fluorides of 
carbon, at red heat, produced a lampblack.^ 

Decomposition of Carbon Tetraiodide by Light. — We 
have shown in previous work that under the action of light, the 
carbon tetraiodide loses iodine and forms a new iodide, C2I4, 
which we have called carbon protoiodide. When this experiment 
is made with well-dried tetraiodide and in vacuum, the decompo- 
sition into iodine and protoiodide is effected under the action of 
light, in three or four weeks. It is complete and no carbon is set 
free. If the tube contains a small quantity of water, the decompo- 
sition becomes more complex, and a black amorphous product is 
obtained which is not a form of pure carbon ; it contains traces of 
hydrogen and a considerable quantity of iodine. 

Action of the Smithson P11.E on Carbon Protoiodide. — 
This experiment was made in the following manner : A Smithson 
pile, formed of a strip of tin which was surrounded by gold foil, 
was placed in a solution of carbon tetraiodide in sulphocarbonic 
acid. The tube which contained the liquid was drawn out, filled 
with carbon dioxide, exhausted and sealed. 

The experiment was begun in August, 1892, and ended on the 
sixth day of May, 1896, lasting four years. On the surface of the 
tin, beautiful crystals of tin iodide were found, and on the gold 
leaf a slight deposit of a black powder. Under the microscope, 
this deposit was absolutely amorphous. It had a chestnut color, 

1 H. Moisaan : ''l^ude du tétraiodidure de carbone," Compt. rend., 113, 19, July 6, 1891. 
* H. Moissan : •'Fluorures de carbone." CompL rend., 1 10, 951. 



46 THE EI.ECTRIC FURNACE 

and was readily attacked by nitric acid. It was uniformly depos- 
ited on the metallic plate and appeared to have limited the electro- 
chemical action by its poor conductivity. The quantity obtained 
was too small to allow an analysis to be made or to measure the 
temperature at which it was attacked or at which it burned. It is 
probable that the body thus obtained was not pure carbon. Never- 
theless, it was completely insoluble in the acids, except in concen- 
trated nitric acid, or in the hydrocarbons, and treated with a 25 
per cent, solution of potash gave no coloration. 

In this experiment, which was conducted at the ordinary tem- 
perature and under the slow action of a very feeble electrolytic 
decomposition, the black residue which was deposited took on an 
amorphous form ; it is to this point that we have mainly directed 
our attention. Berthelot has already described the formation of 
amorphous carbon in the slow combustion of cuprous acetylide at 
ordinary temperature.^ 

Decomposition of Carbon Tetraiodide by Zinc Fil,ings. — 
In a glass tube, prepared as we have already shown, were placed 
zinc filings and a sulphocarbonate solution of carbon tetraiodide. 
The experiment was beg^n in August, 1892, and ended in May, 
1896. At the instant the tube was opened, the liquid was colored 
yellow, indicating a transformation of the tetraiodide into the 
protoiodide. The metallic filings were covered with a layer of 
dark brown color. After washing with carbon disulphide, the 
metal was dissolved in very dilute hydrochloric acid; a gas was 
evolved having an odor resembling that of the sulphines, and there 
remained a powder having a brown-black color. The residue 
was suspended in water, collected, and washed with alcohol, pure 
benzene, and finally again with 95 per cent, alcohol. This material 
dried at 100°, appeared in the form of black amorphous powder, 
very light, yielded nothing in hot benzene, and was insoluble in 
a boiling potash solution, or in hydrochloric acid. 

This powder, in its appearance and properties, much resembles 
that obtained by means of the Smithson pile. It burned readily 
on platinum foil, leaving a slight residue of zinc oxide. 

Action of Some of the Metals on Carbon TETRAiooroE. — 
At the same time that the preceding experiments were made, a 
number of tubes were prepared under similar conditions. They 

1 Berthelot: ''Recherches sur les états du carbone," Ann. chim. pkyx.y 4e série, 19, 392. 
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contained a sulphocarbonate solution of carbon tetraiodide, in 
presence of sodium, silver, lead, mercury, and magnesium. The 
substances were all allowed to act for four years. The sodium, 
silver, mercury, and lead all reduced the tetraiodide to protoiodide, 
without setting free carbon. Magnesium, only, gave a different 
result. The metallic filings used in the experiment were covered 
with a slight brown-black deposit, which, on treatment with cold 
dilute nitric acid, was set free as a fine powder that swam on the 
surface of the liquid. 

Under the microscope, the material appeared amorphous and 
dark brown in color; when burned in oxygen it gave carbon 
dioxide and contained no traces of iodine or magnesium. It com- 
pletely enveloped the magnésium filings, forming a felt which ap- 
I>eared to arrest the decomposition. I believe that this method of 
setting free carbon can be attributed to an electrochemical action, 
analogous to that of the action of the Smithson pile and arises 
from the non-homogeneity of the magnesium filings. At all 
events, this carbon, slowly deposited on the magnesium filings, 
possessed all the properties of the more readily attacked carbon. 
It was very light, soft and absolutely amorphous. 

Carbon Obtained by the Reduction op Carbon Dioxide 
WITH Boron. — Pure boron was introduced into a tube of Bohe- 
mian glass, and a current of well-dried carbon dioxide passed 
over it. When a dull red heat was attained, the boron burned 
with evolution of light in the carbon dioxide. A black, porous 
powder was found and when this was washed with water, amor- 
phous carbon remained. This powder was treated with chlorine 
gas at a low red heat to remove the last traces of boron, and finally 
washed with water and dried. 

The carbon was obtained at a high temperature and in a reaction 
where hydrogen was not present; it was pure, but was already 
polymerized and was attacked with difficulty. With the oxidizing 
mixture it gave carbon dioxide at 80° and burned in oxygen at 
490°. Its combustion can be compared with that of ignited lamp- 
black. The carbon was fairly pure ; analysis gave : 

Ash 0.96 

Carbon 86. 16 

Hydrogen 1.41 

or ash, 0.96 + C 86.16 + HgO 12.70 = 99.82. 
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Conclusions. — We have undertaken a study of the known 
forms of amorphous carbon. We have purified lampblack 
and have demonstrated that its polymerization under the 
action of heat is not instantaneous and that it increases with the 
time. This polymerization raises its temperature of combustion 
in oxygen and increases its stability in presence of an oxidizing 
mixture of chromic and sulphuric acids. 

Following this we studied the amorphous carbon produced by 
the incomplete combustion of a definite hydrocarbon such as 
acetylene and that produced by the explosion of the same hydro- 
carbon under slight pressure. The latter is the more stable. 
These diflferent varieties of carbon were produced by reactions 
which set free considerable heat. We endeavored to prepare 
carbon at a low temperature. 

The action of sulphuric acid on starch and of ferric chloride on 
anthracene only gave rise to organic products ; the final decompo- 
sition products were black compounds, richer in carbon than the 
humic acids prepared by Berthelot and André. The decomposi- 
tion of carbon tetraiodide, when heated to i8o°, gave a black 
powder, rich in iodine, an intermediate product between the 
original compound and carbon. This experiment supports the 
theory advanced by Berthelot on the decomposition of organic 
bodies by heat. The slow action of the Smithson pile on carbon 
protoiodide in sulphocarbonate solution gave a small quantity of 
a dark brown powder insoluble in caustic potash, but readily 
attacked by concentrated nitric acid. Zinc filings acting on carbon 
tetraiodide gave rise to similar results. 

Finally, we studied another variety of carbon, produced by the 
decomposition at dull redness of carbon dioxide by boron. The 
density of the purest lampblack, which has not been ignited, is 
1.76. These experiments fully demonstrate how difficult it is to 
obtain pure amorphous carbon. 

When carbon is produced at the ordinary temperatures and 
pressures, it is obtained as an impalpable powder having a dark 
brown color. It is very light and soft, and is readily oxidized by 
nitric or chromic acid. This carbon always retains a certain 
amount of other elements such as hydrogen, iodine, lead, zinc, etc., 
owing to their presence in the various reactions. If an attempt 
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be made to eliminate these impurities by heat the carbon is polym- 
erized. All kinds of amorphous carbon retain water with great 
tenacity. Whatever the method of preparation of these kinds of 
carbon, whether it be formed slowly or rapidly, whether it be 
made in the cold or at a low red heat, whether the product be pure 
or impure, it is always soft, its density is below 2, and it is always 
amorphous. 



SECOND PART. 
Graphite 

Before the work of Berthelot, g^raphite was not defined as a 
definite thing. In early times all the varieties of carbon which, 
by friction on paper, made a bright gray mark, were given the 
vague name, graphite. At this time molybdenite was confounded 
with graphite. By applying the reaction of Brodie to the analysis 
of a mixture of the different varieties of carbon, Berthelot was 
able to define graphite as "that variety of carbon which, on oxida- 
tion, is capable of forming graphitic oxide."^ 

This property definitely establishes the classification of carbon 
into three groups: Diamond, graphite, and amorphous carbon, 
including all the varieties which occur in nature or which can be 
prepared artificially. Graphitic oxide is usually prepared, accord- 
ing to the method of Brodie, by allowing graphite to come in con- 
tact with the oxidizing action of a mixture of potassium chlorate 
and nitric acid. It appears as a crystalline compound which 
possesses the property of deflagrating on the application of heat 
with increase of volume, and leaving a black residue of pyro- 
graphitic oxide.^ Berthelot carefully described the condition of 
this oxidation and applied it to the study of known graphites. I 
have extended this study to some natural graphites and to numerous 
samples of the graphite which I have obtained in my studies on 
the chemistry at high temperatures. 

When fuming nitric acid is used with potassium chlorate, fol- 
lowing exactly the conditions as laid down by Berthelot, the color 
of the graphitic oxide can vary from green to dark brown or yel- 
low, and complete oxidation frequently requires six or eight suc- 
cessive treatments. Such is not the case when nitric acid is used 
which has been prepared from potassium nit rate that has been fused, 
and treated with large excess of boiling sulphuric acid. Underthese 

1 Berthelot : "Recherches sur les états du carbone," Ann. chim. phys,, 4e série, 19, 39a. 

> This reaction also takes place at the ordinary temperature, but requires a very long 
time. When Ceylon graphite is introduced into a sealed tube, potassium chlorate and 
nitric acid (ordinary concentrated) added and allowed to stand at the ordinary labora- 
tory temperature, there is obtained, after a year's time, a partial transformation into 
graphitic oxide. 
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conditions, on adding concentrated nitric acid to the dry graphite, 
then adding small quantities of potassium chlorate, the oxidation 
proceeds much more rapidly, and with natural graphite, it com- 
mences to appear at the end of the first treatment. It is necessary 
to use a greater weight of potassium chlorate than the graphite to 
be oxidized. The operation should be continued for twelve hours 
and should be finished at a temperature of 60°. 

This temperature cannot be applied at the banning of the 
operation, as the mixture of potassium chlorate, nitric acid, and 
carbon frequently explodes at 60°. The introduction of small 
quantities of organic material should also be avoided. At the end 
of the oxidations, the graphitic oxide is obtained in more or less 
well-defined crystals which have an oily appearance and are of a 
clear yellow color. In some cases the graphitic oxide is obtained 
nearly colorless. We also observed that when dry potassium 
chlorate is added to nitric acid which is highly concentrated, it 
immediately dissolves, giving an orange-red coloration, and under 
these conditions, at a temperature of 60®, whatever variety of 
graphite is used, after ten hours it is entirely transformed into 
graphitic oxide. The slightest trace of moisture retards the ap- 
pearance of the red coloration and retards the speed of transfor- 
mation. In the first work, I united the determination of the com- 
bustion point of graphite in oxygen with the deterrhination of the 
densities of the principal varieties. The determination of the 
density is attended with much difficulty. It was impossible to de- 
prive some samples of the gas which they mechanically retain, 
and as well their densities do not rise regularly with the rate of 
oxidation. 

It must be remembered that certain natural varieties of graph- 
ite, when heated in presence of sulphuric acid or a mixture of 
potassium chlorate and sulphuric acid, take on the curious prop- 
erty of greatly increasing in size when heated to dull redness on 
platinum fc»l (Schafhaul, Marchand and Brodie). Luzi^ has 
shown that it is only necessary to moisten these natural graphites 
with a small quantity of nitric acid (ordinary concentrated), in 
order to observe this increase of volume by heat, and the forma- 
tion of little worm-like or dendritic products. Accordingly, from 

1 IfUzi : " Sur le Graphite," Ber. d, chem. Ges., 34, 4085, and 35, 314. 
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these properties, Luzi has divided the graphites into two classes ; 
those which swell after treatment with nitric acid and which he 
gives the name of graphites, and. those which under these condi- 
tions do not increase in size, he calls graphitites. The graphite of 
ordinary fusion and that produced by the action of the electric arc 
does not show this phenomenon after treatment with nitric acid. 

We undertook the study of some natural graphites derived 
either from our earth or from meteorites. ' Subsequently, we pre- 
pared graphite by simple elevation of the temperature, and de- 
termined the properties of these different varieties. The numerous 
specimens of graphite were prepared by dissolving carbon in a 
large number of metals, and finally, we have been able to repro- 
duce, at will, quantities of the swelling graphites that heretofore 
have not been prepared. These studies have enabled us to show 
how it is possible to convert, to a state of graphite, all the varieties 
of carbon — diamond or amorphous carbon. 

A. Natural Graphites 

Graphite from Ceylon, — This graphite has been studied by 
numerous investigators. Luzi has shown that it swells ; it swells^ 
however, much less than the graphite which we obtained from 
platinum fused in the electric furnace with excess of carbon. 

Treated with potassium chlorate which has not been dried and 
commercial nitric acid, this variety of graphite gave, after seven 
successive treatments, a dark green, graphitic oxide and at the 
ninth treatment, a pale, yellow-colored oxide, the residue appearing 
as irregular fragments. This same graphite, when treated with 
dry potassium chlorate and concentrated nitric acid, gave graph- 
itic oxide at the first treatment. 

The details of the latter experiments are as follows : 

First Treatment, — The graphite appeared dark green, with a 
golden reflection. Under the microscope, numerous particles of 
graphitic oxide could be seen. 

Second Treatment, — Light green mass, appearing homogene- 
ous. No graphite remained. 

Third Treatment, — ^A yellow mass which still contained green 
particles. 

Fourth Treatment, — The graphitic oxide was very pale yellow. 
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\nth a bright appearance. Under the microscope it appeared well 
crystallized (Fig. 8). 




Pig. 8. Magnified lo diameters. 

Temperature of combustion of Ceylon graphite in oxygen, 665" ; 
ash, 0.093; density, 2.23. 

This graphite previously purified by fusion with potash and by 
hydrofluoric acid, could be completely transformed into graphitic 
oxide, and gave no residue of other varieties of carbon. This 
treatment was repeated on different samples and always gave the 
same result. 

Graphite from Borowdale {Cumberland), — This graphite ap- 
pears in compact fragments, having an amorphous structure with 
no cleavage. When treated with fuming nitric acid and heated 
on a piece of platinum foil, it did not swell ; at the seventh treat- 
ment with the oxidizing mixture, it gave a pale yellow, non-crys- 
talline oxide.^ When this graphite was heated in a test-tube, it 
deflagrated, breaking up into small fragments. We thought that 
it contained gas, so we heated i cc. to dull redness in a vacuum 
The gas evolved was 4.1 cc. containing 0.7 cc. of air. The re- 
mainder (3.8 cc.) appeared, according to eudiometric analysis, 
to be a mixture of hydrogen and hydrocarbons. This occlusion 
of gas explains the explosive properties of Borowdale graphite 
under the action of heat. The graphite is impure ; it contains 3.12 
per cent, of ash. The latter preserved the exact form and volume 
of the graphite; it contains iron, alumina, manganese, lime, and 
silica. Iron and manganese predominate. 

Graphite from Ticonderoga. — This graphite has been the sub- 
ject of a detailed study by Luzi. It occurs in glistening, striated 
plates. Under the action of nitric acid it increased in volume very 

^ The treatment of the natural graphites was made with commercial nitric acid (68 per 
cent.) and with potassium chlorate which had not been dried. 
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distinctly and gave a leafy, crystalline mass ; pressure caused it 
to again assume its original volume. Treated with the oxidizing 
mixture, it was completely transformed into a light green, graph- 
itic oxide at the seventh treatment. The crystals preserved the 
original form of the graphite and on continuing the action of the 
oxidizing mixture, at the ninth treatment, took on a light yellow 
color. Examined under the microscope, the residue was seen to 
have lost its crystalline form. 

Graphite from Greenville, — This graphite occurs in small crys- 
tals embedded in a calcareous gangue ; under the microscope, the 
impression of the striations and equilateral triangles of the 
graphite could be seen on the rock. As Luzi has shown, it is a 
graphite which swells, and after eight successive treatments, can 
be transformed into yellow graphitic oxide. 

Graphite from Omenask {Greenland), — This graphite is amor- 
phous and very impure; the loss at red heat was 0.09 per cent., 
and it gives 21.04 P^r cent, of ash. The ash was nearly white; it 
contained a little silica and was very rich in alumina ; it also con- 
tained lime and magnesia. Examined under the microscope this 
graphite appeared as very small crystals. 

As has been shown by Luzi, this graphite does not swell. 

Graphite from Mugrau (Bohemia), — Masses of graphite which 
do not show regular crystals when examined with a magnifying 
glass. They contain very small crystals, which are visible with 
the microscope when a high power is used. In appearance it re- 
sembles the graphite obtained by the action of a high temperature 
on amorphous carbon ; it has certainly not been produced in a bath 
of liquid metal or fused substances. Loss at redness, 9.21 per 
cent. ; ash, 37.32 per cent. The ash had an ochre color and con- 
tained a considerable quantity of silica, alumina, iron, and traces 
of manganese. This graphite did not swell. Its graphitic oxide, 
which is readily formed, is entirely amorphous. 

Graphite from Scharzhach {Bohemia), — ^This graphite, which 
is soft, is similar in appearance to the graphite of Mugrau. Loss 
at redness, 6.82; ash, 44.27, contained silica, iron, alumina, lime, 
and manganese. The graphite did not swell, but gave a yellow 
amorphous graphitic oxide. It burns in oxygen at 620°. 

Graphite from the South {Australia). — ^Very impure graphite, 
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when examined with a pocket lens showed no apparent crystalliza- 
tion. This graphite did not swell, but gave an amorphous graph- 
itic oxide, yellow in color. 

Graphite from Karsok {Greenland), brought back by Norden- 
skiold. — Compact fragments with a leafy structure but without 
distinct crystallization. Ash, 17.9 per cent. The graphite did 
not swell but gave a green, amorjAous graphitic oxide. 

Graphites from the Blue Ground from the Cape. — We found in 
the blue ground of the Cape two graphites which had a very 
different appearance. The first occurred in r^fular crystals (o) 
and the second (&) in rounded leaves superimposed on one 
another, as represented in Fig. 9. This last specimen seems to 




Fig. g. Magnified 40 dlamclera. 

have been formed under pressure. These graphites swell; the 
oxidizing mixture transforms them into graphitic oxide, opening 
them as the leaves of a book and preserving their form. 

Graphite from Pegmatite. — A sample of graphite, which I 
studied, thanks to Damour, came from an American pegmatite 
(locality unknown). This p^jmatite is very interesting. It is 
known that this eruptive rock has arrived at the surface of the 
earth after having been heated to a hig^ temperature. In this 
specimen, the graphite appeared as finely crystallized plates, fre- 
quently more than i cm, in diameter completely diffused through 
the mass. It was easy to separate the graphite by repeatedly 
treating the rock on the water-bath with a large excess of 50 per 
cent, hydrofluoric acid. Both the feldspar and silica rapidly dis- 
appeared. The mass was treated with boiling water and dried on 
the stove. The pegmatite studied contained 12.77 P^"" cent, 
graphite. The beautiful plates obtained were flexible, mirror- 



S6 THE ELECTRIC FURNACE 

like, and presented a surface on which the striations and the im- 
pressions of equilateral triangles were characteristic. 

This graphite burned in oxygen at 690** ; it left a residue of 5.01 
per cent, of ash, which consisted of silica, alumina and lime, and 
contained only a trace of iron. This latter metal was tested for, 
with potassium sulphocyanide and f errocyanide ; the ash was 
white and preserved the form of the crystals of the graphite. The 
temperature of combustion was higher than that of the graphite 
from Scharzbach or Ceylon. This graphite swells; moistened 
with concentrated nitric acid and heated to redness, it swelled 
greatly. 

When this graphite was treated with the oxidizing mixture of 
potassium chlorate and nitric acid in large excess, it showed a 
very curious phenomenon. We introduced 6 grams of graphite 
in a 500 cc. flask, in the presence of 3 grams of potassium chlorate 
and about 20 cc. of nitric acid. At the beginning of the reaction, 
the graphite immediately assumed a beautiful green color, which 
showed that it was superficially attacked, and after several hours 
increased so much in volume that it half filled the flask. By a 
second treatment, it continued to swell, and the vessel had to be 
changed on account of the increase in volume. This was the only 
graphite which in the presence of nitric acid gave an increase of 
volume at 60°. After burning and destroying the graphitic oxide, 
no trace of black or transparent diamonds were found in the 
residue. 

At the seventh treatment with the oxidizing mixture, complete 
transformation into graphitic oxide of a light green color was 
effected, and by a succeeding treatment, the graphitic oxide was 
completely decolorized. On examining under the microscope 
(using a low power) the fragments of quartz or feldspar on which 
the crystals of graphite rested, I was surprised to see that they 
showed the exact impressions of the surface of the crystals. 
These striations and triangles could not be removed by strong 
friction. This causes us to infer that the graphite pre-existed in 
the rocks, which, by their crystallization, have given rise to the 
pegmatite. By these characteristic properties, this graphite re- 
sembles, as we shall see later, the specimens which we obtained 
from the fusion of metals in our electric furnace, and that were 
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prepared under similar conditions. At the moment the pegmatite 
was formed, it was moulded by the crystals of quartz or feldspar, 
and left on the latter the impression of the details which are found 
on its surface. 

Study of Some Meteorites. — ^The discovery of graphite in the 
meteorite of Canon Diablo caused me to study some of the metallic 
or holosidereal meteorites (Daubree) to ascertain if they all con- 
tained carbon and in what form they contained this element. It 
is known that among the meteorites which have been found on the 
surface of the earth, those which are entirely formed of iron- 
containing alloys are limited. However, they are so numer- 
ous that it has been posible to methodically study these holo 
sidereal meteorites and ascertain the curious forms of the carbon 
they contain.^ 

It is impossible to ascertain in the depths of the earth, whether 
metals exist there and are the cause of the greater density, than 
that shown by the rocks at the surface; hence, we must content 
ourselves with the fragments which appear from the breaking- 
down of other planets. The number of specimens which we have 
been able to study has unfortunately been limited. We owe almost 
all to the kindness of Stanislas Meunier, who is still pursuing, 
with great earnestness, his work on these interesting problems. 

No. I. Iron from Kendall County, Texas. — Small sawed frag- 
ment, weighing 59.950 grams, having a smooth surface, showing 
rectangular figures. It contained some géodes which, examined 
with a pocket lens, appeared to be covered with a black substance. 
It was treated with hydrochloric acid diluted with an equal volume 
of water. The material was rapidly attacked, and there remained 
a crystalline metallic powder which quickly dissolved in aqua 
regia. After the treatment with aqua regia, the residue consisted 
of a black, amorphous material and a large quantity of small, 
irregular, transparent grains. Successive and repeated treatment 
with boiling sulphuric and hydrofluoric acids caused all the trans- 
parent portion to disappear. The black residue burned in oxygen, 
giving carbon dioxide. This was an amorphous carbon which 
was attacked with difficulty by the usual mixture of nitric acid and 

1 According to Stanislas Meunier, the number of iron meteorites which was known in 
1880 was about no and more than half of these were found in the United States. "Me- 
teorites," Encychpe.iie Chimique^ p. 439. 
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potassium chlorate. In this oxidation, no trace of graphitic oxide 
appeared. The transparent part was composed of sapphires and 
small, bottle-green grains that were rounded on the edges by the 
acids ; they were not identified. They were completely destroyed 
by repeatedly fusing with acid potassium fluoride and treatment 
with boiling sulphuric acid. 

The mass of iron from Kendall County contained amorphous 
carbon, but neither graphite nor diamond. 

No, 2, Iron from Newstead in Roxburyshire, Scotland, Found 
in 1827, (Specimen in the British Museum). — ^The specimen 
weighed 8.10 grams, had a polished surface and showed a black 
color in parts. After treatment with hydrochloric acid, a large 
black residue remained, which was rich in carbon. Under the 
microscope it was not possible to recognize the brown filaments of 
carbon, but the presence of graphite could be readily distinguished. 
Three treatments with the oxidizing mixture gave a yellow g^ph- 
itic oxide, distorted in shape and without a distinctly crystalline 
appearance. This compound burned by slight elevation of the 
temperature, with the formation of pyrographitic oxide. After 
destroying this graphitic oxide with boiling sulphuric add, treat- 
ing with acid potassium fluoride, then again with sulphuric acid, 
only a slight residue remained, which consisted of s<Mne trans- 
parent grains, with an attacked surface. After another treatment 
with acid potassium fluoride, then with boiling sulphuric acid, 
nothing could oe detected with the microscope. The iron of New- 
stead in Roxburyshire contains amorphous carbon, graphite, but 
not the diamond. 

No, J. Diesite Discovered in 1866 in the Sierra de Deesa in 
Chili, — ^This meteorite, which was not homogeneous, gave, after 
treatment with hydrofluoric acid, considerable residue, which con- 
tained (i) irregular transparent grains; (2) rounded masses rich 
in silica; (3) a light black substance containing amorphous frag- 
ments having the appearance of graphite. We found no black 
filaments of carbon. 

The black substance was entirely formed of graphitic carbon. In 
the first treatment with the oxidizing mixture, a green graphitic 
oxide was obtained, and on the third treatment elongated or dis- 
torted, transparent fragments remained. They took fire on heat- 
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ing, and were transformed into pyrographitic oxide. On subject- 
ing the residue to the usual treatment with sulphuric acid, acid 
potassium fluoride, and finally with boiling sulphuric acid, only 
three small fragments remained, two of which were superficially 
attacked, and the third possessed great clearness. The latter was 
placed in a small platinum boat and heated to 1000° in a current 
of oxygen. On subsequently examining the boat under the 
microscope, using a low power, it appeared that this particle had 
lost its brightness, but did not bum in oxygen. This meteorite 
from Déesa did not contain the diamond, but contained a small 
quantity of graphite, and the form of graphitic oxide obtained 
indicated that this material had been submitted to pressure. 

No. 4. Ccdllite, Iron from TolucoXiquipilso, Mexico {Fell in 
1784). — ^This specimen, when dressed, showed a polished surface 
and weighed 69.050 grams. The residue obtained was very 
slight ; examined under the microscope, it was composed of trans- 
parent grains, greenish fragments, small black grains, but con- 
tained no amorphous carbon and apparently no graphite. After 
treatment with acids, all the transparent fragments disappeared 
and after fusion with acid potassium fluoride, nothing remained. 

Iron from Ovifack. — After the publication of our work on the 
blue ground of the Cape, and on the meteorites of Canon Diablo, 
Daubreé kindly placed at our disposal some samples of iron from 
Ovifack, discovered in Greenland by Nordenskiold, in order to de- 
termine what variety of carbon they contained. We know, how- 
ever, by a note appearing in the Comptes rendus that Norden- 
skiold himself is occupied with this question. According to 
Daubreé^ the pieces of iron are of at least three kinds : The first 
had a metallic appearance and was nearly black ; the second had 
a light gray, metallic appearance and in the third the metallic sub- 
stance instead of being continuous, appeared in globules or in 
grains, in a stone which was dark green and of the nature of a 
silicate. These three specimens were separately treated by follow- 
ing the method which we used to separate the microscopic 
diamonds from the blue ground of the Cape.* 

1 Daubreé : " Examen des roches avec fer natif, découvertes en 1870 par Nordenskjôld 
au Groenland," Compt. rend.^ 74, 1541 and 75, 240. 

* H. Moissan: "Sur la présence du graphite, du carbon et de diamants microscopiques 
dans la terre bleue du Cap,*' Compt. rend.^ 116, 292. 



60 THE ELECTRIC FURNACE 

Sample No. 3 : Thirty-four grams of the large pieces were dis- 
solved in hydrochloric acid, and left a large residue. After treat- 
ment with boiling hydrofluoric acid, then with sulphuric acid, it 
decreased somewhat and under the microscope appeared to con- 
sist of: 

( I ) Perfectly spherical, dark green globules. 

(2) Transparent, prismatic crystals with an elongated appear- 
ance. 

(3) Fragments of blue and colorless sapphires, which could be 
separated with the pincers and distinctly recognized. 

(4) A few fragments of amorphous carbon having an irregular 
form, a dull appearance, and a density below 2. 

On repeating the alternate treatment with hydrofluoric and sul- 
phuric acids, the size of the powder decreased. Several treat- 
ments with potassium chlorate and nitric acid caused the carbon 
to rapidly disappear. A final treatment by fusion with bisulphate, 
followed by washing with hydrofluoric acid, completely dissolved 
the residue. 

Sample No. 2 : Eighteen grams of this sample, treated with hy- 
drochloric acid, gave a small quantity of a pulverulent substance 
and li^ht carbon. Under the microscope there could be dis- 
tinguished small particles of schreibersite, an opaque white sub- 
stance in irregular masses, and a large number of refracting 
grains of all possible shapes. 

The first treatment with hydrofluoric acid considerably dimin- 
ished the size of the residue. After treatment with boiling sul- 
phuric acid, the quantity of amorphous carbon increased, indi- 
cating the presence of a swelling carbon. The treatment with hy- 
drofluoric and sulphuric acids was repeated. The residue was 
treated eleven times with the mixture of potassium chlorate and 
nitric acid (to form graphitic oxide) and was then fused with 
potassium bisulphate and was finally treated with hydrofluoric 
acid. Only some small, black, microscopic grains, superficially 
attacked, remained and disappeared by fusion with potassium bi- 
sulphate. Berthelot, in an investigation of a specimen of iron 
from Ovifack,^ has already shown the existence of a similar sub- 
stance which is not the diamond. 

1 Analysis quoted in the works of Daubreé. 
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Sample No. i : Piece of ii grams. After treating with hydro- 
chloric acid, a small quantity of very light amorphous carbon re- 
mained. The first treatment with hydrofluoric acid decreased the 
residue, but with boiling sulphuric, the amorphous carbon in- 
creased. This sample contained swelling graphite. It also con- 
tained a non-swelling graphite, distinctly crystalline under the 
microscope, and which gave graphitic oxide by the action of 
chlorate. After fusion with bisulphate, no residue remained. 

In the specimens of iron from Ovifack which Daubreé gave us, 
we have clearly detected the sapphire in one, amorphous carbon 
in all three; two of them contained swelling graphite; only one 
contained ordinary graphite, and in none were we able to find 
either black or transparent diamonds. 

B. Artificial Graphites 

Graphite Produced by Simple Elevation o^ Temperature. 
— We review in this chapter some graphites, which it is possible 
to prepare in the laboratory. 

Diamond, — ^Jaquelin was the first to show that when diamond 
is heated in the electric arc, it is transformed into graphite. We 
would add to this observation the following facts : The graphite 
obtained shows an irregular crystalline form. The mixed crystals 
are thick and short, are glistening black, and show few facial 
planes. When formed by a current of 350 amperes at 70 volts, 
they are rapidly attacked by ordinary nitric acid and potassium 
chlorate. After three treatments, the transformation is complete 
and a graphitic oxide of a yellow color is formed. By combustion 
of this graphite we found it to contain 99.88 per cent, of carbon 
and 0.016 per cent, of ash. 

Sugar Carbon, — Sugar carbon, purified by chlorine and placed 
in a closed crucible, was heated for ten minutes, with an arc of 
350 amperes at 70 volts. The appearance of the carbon was 
essentially the same as before the operation, but it became grayer. 
None of the particles showed a crystalling appearance even when 
magnified. It left a gray mark on paper and by pressure took on 
the color of graphite. By treating three times with the oxidizing 
mixture it was converted into a pale yellow graphitic oxide. This 
graphite burned in oxygen at 660°. Its density was 2.19. On 
analysis, it gave: Carbon, 99.87; hydrogen, 0.032; and ash, o.iic. 
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Wood Charcoal. — Wocxl charcoal which had been previously 
purified was heated in a covered crucible. It was heated for ten 
minutes, five of which was with a current of 2200 amperes at 60 
volts. The operation was discontinued cm account of the projec- 
tion of fused lime aroundthefumace. The wood charcoal preserved 
its original appearance, but, under the action of light rubbing, it 
took on a gray appearance and became bright. Under the micro- 
scope the wood fiber which had been slightly altered still preserved 
its form. This graphite was attacked with difficulty by the oxi- 
dizing mixture and gave a very pale yellow graphitic oxide, fre- 
quently forming a mass of small elongated rectangles or masses 
which still possessed a fibrous texture {Fig. lO). 




Sublimed Carbon. — The sublimed carbon which condenses on 
the positive electrode of the arc, was not completely transformed 
by four treatments with ordinary fuming nitric acid and potas- 
sium chlorate. The graphitic oxide was at first greenish but 
finally became yellow. The fragments which were perfectly 
transparent, had the appearance of distorted leaves. Analysis gave 
the following figures : Carbon, 99.90 ; hydrogen, 0.031 ; ash, 0.017, 

Carbon from the Extremities of the Electrodes.^ — The extrem- 
ities of the electrodes are transformed into a compact and soft 
graphite, without a trace of crystallization, taking on a dull gray 
when lightly rubbed and giving, on the third treatment with con- 
centrated acid, a yellow graphitic oxide. 

Graphite Produced from the Solution of Carbon in Dl?- 

n llils fomuUon oT graph- 
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FERENT Metals. — These graphites can be produced by two differ- 
ent methods ; either by displacing the combined carbon in a fused 
metal by another element or by utilizing the difference in solubility 
of carbon in the liquid metal at a very high and at a lower tem- 
perature. 

The general procedure for obtaining graphite from the refrac- 
tory metals, is to first prepare the carbide of the metal ; then by 
another operation, this compound is saturated with carbon by 
means of the electric furnace. The fused mass, thus obtained, is 
treated with acids or heated to redness in a current of pure dry 
chlorine. The residue, made up of a mixture of amorphous 
carbon and graphites, is digested at 40° with fuming nitric acid, 
which destroys the first variety of carbon. The remaining 
graphite is treated with boiling hydrofluoric acid, then by luke 
warm sulphuric acid, and finally washed and dried. 

Aluminum. — When aluminum is heated for five or six minutes 
in the electric furnace (350 amperes at 70 volts) in presence of 
sugar carbon, or simply in a carbon crucible, the metal forms the 
carbide, and on cooling, a mass is obtained which shows a yellow, 
crystalline fracture and contains aluminum carbide AI4C3. If the 
carbide is heated for ten or twelve minutes, it is partially volatil- 
ized, and there remains a gray material which is brittle, porous, 
and full of crystals of graphite. The latter were removed with 
hydrochloric acid, and purified by sulphuric and hydrofluoric 
acids. The graphite finally appeared as groups of small, glisten- 
ing crystals, sometimes containing black filaments. Its density 
was 2.1 1. By the first treatment with the oxidizing mixture, the 
graphite swelled, and on the second, the smaller fragments were 
completely converted into graphitic oxide. Concentrated acid 
gave a pale green oxide with the first treatment, and became yel- 
low with the second. 

Silver, — ^This metal dissolves only very little carbon even at 
its boiling-point. The fusions of silver, slowly cooled in the elec- 
tric furnace, are generally covered with a thin film. After dis- 
solving the metal in nitric acid, bright plates of graphite were 
found in confused crystals. This graphite did not swell. Treated 
by the oxidizing mixture, it gave graphitic oxide at the first attack 
and with the sixth, the transformation was complete. 
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Manganese. — Manganese, prepared in the wind furnace, as 
Berthelot has shown, contains only amorphous carbon ; but when 
the carbide is heated four or five minutes, in presence of an excess 
of carbon, by an arc of 350 amperes at 50 volts, the ingot, which is 
formed, contains crystals of graphite and is covered with them.^ 
This graphite forms large, bright plates which appear in beautiful, 
regular hexagons. Treated with the oxidizing mixture, it gave, 
on the third treatment, a complete transformation into a yellow 
graphitic oxide which was well crystallized. 

Nickel. — Nickel, heated in the electric furnace, gives a graphite, 
which, by its appearance and form, recalls gray cast iron, but the 
crystals are more distinct. It is readily transformed into graphitic 
oxide at the second treatment. 

Chromium. — The carbides of chromium that we shall describe 
later, readily dissolve carbon. On cooling, a metallic ingot is 
formed, which, after treatment with acid, gives crystals of graphite 
which are much smaller than those obtained from manganese. 
The crystals are irregular, less bright, and are more difficultly 
attacked than the graphites obtained from iron and manganese, 
which have a higher fusing point than chromium. With the 
oxidizing mixture, they are apparently not converted until the 
third treatment. They give a voluminous light yellow graphitic 
oxide which forms irregular masses (Fig. 11). 




Fig, IE, MAfpilfi«d 4odlHm«t«rs. 

Tungsten. — The melting-point of tungsten is higher than that 
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of chromium; its graphite forms small, bright, black crystals 
which have a regular form. The conversion into graphitic oxide 
scarcely began at the third treatment. 

Molybdenum.— The graphite of molybdenum appears as a mass 
of small, bright, black crystals. Sometimes these crystals form a 
r^fular felt, or are united into round masses. It is more difficultly 
attacked by the oxidizing mixture than the preceding. The 
graphitic oxide obtained was yellow and had a more or less regular 
form. 

Uranium. — Masses of small, bright, black crystals, difficultly 
attacked by the oxidizing mixture. The graphite from uranium 
gave a yellow graphitic oxide of irregular form. 

Zirconium. — The graphite from this metal appears as a felting 
of small, tangled masses, with a perforated surface, frequently 
terminated by longer or shorter filaments (Fig. 13). It was 
attacked slowly and with difficulty by the oxidizing mixture and 
gave a yellow graphitic oxide (Fig. 13). 




^^f^ 
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Fanadium. — Of all the refractory metals that I have been able 
to prepare in the electric furnace, vanadium is the most infusible. 
Its graphite is rarely crystalline ; it generally occurs in very fine, 
irregular fragments which are perforated or slightly hollowed and 
sometimes show rounded extremities. 

Titanium. — Titanium carbide, TiC, whose preparation we have 
shown, readily dissolves carbon and, on cooling, allows it to sepa- 
rate in the form of a graphite. This latter body, which swells 
slightly, occurs in crystals or rounded masses similar to tlie 
graphite obtained fr<Mn vanadium. Its graphitic oxide, which at 
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the beginning of the treatment is chesnut-brown, rapidly becomes 
pale yellow. 

Silicon. — When silicon is heated in the wind furnace, it dissolves 
carbon which subsequently separates as graphite spangles having 
a bright, black and well-crystallized appearance, and forming a 
yellow graphitic oxide. 

At the temperature of the electric furnace, silicon does not give 
graphite, but forms crystalline silicon carbide. On the fourth 
treatment with the oxidizing mixture, the fragments of graphite 
scarcely commence to be converted into graphitic oxide. On con- 
tinuing the action of the chlorate and the acid, a yellow graphitic 
oxide is obtained which preserves the form of the original frag- 
ments. 

Thus artificial graphite can be obtained either amorphous 
or crystalline. Its density varies between 2.10 and 2.25. Its 
temperature of combustion in oxygen is in the neighborhood of 
660°. Many varieties of graphite exist, as well as many varieties 
of amorphous carbon. The stability of graphite is increased with 
the temperature to which it has been carried. This is evident 
from the greater or less resistance it offers on conversion into 
graphitic oxide. Moreover, in proportion as the fusing point of 
the metal in which the graphite is formed, is raised, so is the 
resistance to oxidation increased. The influence of temperature 
on the stability of graphite can be shown very simply. The natural 
graphite of Ceylon is transformed into graphitic oxide by a single 
treatment with the well-dried, oxidizing mixture. If this graphite 
ÎS heated for ten minutes in the electric furnace with a current of 
1200 amperes at 70 volts, the yellow graphitic oxide can be 
scarcely seen after three treatments. A simple elevation of the 
temperature thus renders the graphite harder to attack. 

Displacement of Carbon by Boron and Silicon in Melted 
Cast Iron. — The investigation of the solubility of carbon in 
different metals at increasing temperatures, led us to study the 
action of boron and silicon on liquid iron carbide. The action of 
boron on iron has not yet been studied,^ or else, in the work at- 
tempted in this direction, the boron was not detected, after the 

1 This has been particularly due to the fact that no method was known for the prepa- 
tion of pure boron. We have given this preparation in 1892. Compt. rend., 114, 392. 
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reaction, in the metal which had been submitted to its action. As 
regards the action of silicon, no work has been done in a systematic 
manner. It has been known for a long time, in the iron industry, 
that cast irons which are low in carbon are rich in silicon ; but tlie 
action of silicon has not been accurately determined. Melted iron 
is a liquid in which, as we shall show, the reactions are frequently 
as clear as in the aqueous solutions which we handle in the labora- 
tory at ordinary temperatures. The complexity of certain irons, 
which often contain as impurities a large number of compounds, 
only render the reaction more obscure. 

Action of Boron on Gray Cast Iron, — ^We began with a gray 
iron from Saint-Chamond, which contained 3.18 per cent, of total 
carbon and 0.5 per cent, slag.^ 

Ten grams of this iron were placed in a porcelain boat lined 
with 2.3 grams of boron. The whole was strongly heated in a 
combustion furnace in a porcelain tube in a current of dry hydro- 
gen. At the end of the experiment a well-fused mass was found 
which was covered with a black layer of graphite. The metal had 
a yellow color and showed on its surface some long, crystalline 
prisms. These contained, on analysis, 8 to 9 per cent, boron. It 
was boron containing cast iron mixed with partially crystallized 
iron boride. This boron containing regulus, contained only 
0.27 per cent, carbon and gave no slag when the residue was 
burned in oxygen. Boron readily combines with the impurities 
in the iron and these went into the slag. It acted on iron oxide, 
which was dissolved in the metal in a manner similar to that which 
Troost and Hautefeuille have ascribed to manganese.^ 

We therefore conclude from this reaction that the boron has 
driven out the carbon in the ratio of i : 10 and at the same time 
has eliminated the material which forms the slag. This experi- 
ment was repeated four times on another sample of gray iron from 
Saint-Chamond which contained 3.24 per cent, of carbon and 0.418 
per cent, of slag. After the action of the boron, the following 
figures were obtained: 

1 In the analysis of the cast irons, the mixture of the different varieties of carbon was 
separated by chlorine or mercury bichloride. The residue was burned in oxygen and the 
ash which remained is called the slag. 

« Troost et Hautefeuille : " Étude calorimétrique sur les carbures, les siliciures et les 
borures de fer et de manganese,'* Ann. chim. phys.^ 5e série, 9» — . 
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(I) (II) (III) (IV) 

Carbon 0.56 0.28 0.17 0.14 

Slag 0.02 0.00 0.03 o.oi 

We substituted for the gray iron, a white refining iron from the 
blast-furnace of Saint-Louis, in Marseilles. This iron contained 
3.85 per cent, of carbon and 0.36 per cent, of slag. After the 
action of the boron, it contained only 0.24 per cent, of carbon and 
0.06 per cent, of slag. We varied the form of the experiment and 
did not allow a great excess of boron to act on the fused iron. 500 
grams of gray iron from Saint-Chamond were fused in a wind 
furnace and when the iron was perfectly fluid, 50 grams of an 
iron which contained 10 per cent, of boron were added. After 
shaking, the crucible was covered and allowed to cool. When the 
boron containing iron was added to the gray iron, it floated on the 
metallic bath and only dissolved by agitation. On cooling, the 
regulus had a leafy appearance possessing great hardness; it 
could not be scratched with an engraving tool, and had the appear- 
ance of white iron. By the action of boron the carbon content of 
this iron decreased from 3.75 to 2.83. Boron thus displaces the 
carbon, of which a portion appears as graphite between the metallic 
mass and the crucible. 

Displacement of Carbon by Silicon. We repeated the same ex- 
periment, heating some pieces of gray cast iron in a boat lined 
with powdered crystalline silicon. Silicon, under these conditions, 
displaces the carbon, which is found as graphite on the top of the 
metal. But, as we have already remarked, white or gray iron 
made in the blast-furnace is a somewhat complex combination. 
The experiment was repeated under simpler conditions. An iron 
rich in carbon was first prepared in the electric furnace, from 
wrought iron and sugar carbon, and to the fused mass some fused 
silicon was added. On cooling, the mass had a smooth upper sur- 
face, had the appearance of silicon containing cast iron, a bright 
white fracture, and contained onlv a trace of combined carbon and 
no graphite. But in the center of the mass there was a large 
cavity which nearly divided it into two parts. This cavity was 
filled with quite a quantity of bright and well-formed crystals of 
graphite. 

Boron and silicon evidently displace carbon in iron or in iron 
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carbide.^ These bodies, when maintained at a sufficient tempera- 
ture, behave exactly as the aqueous solutions of certain com- 
pounds, in which we precipitate or displace substances in solution 
or in combination. If the displacement of the carbon is not en- 
tirely complete, a state of equilibrium is established between the 
silicide and carbide of iron, an equilibrium in which the conditions 
vary with the temperature and with the impurities which are con- 
tained in the bath. This is generally the case with white or gray 
cast irons. This work led us to study the graphites in iron. 

Graphites of Iron. — Thus far, we studied the graphites ob- 
tained either by simple elevation of the temperature on various 
kinds of carbon, or by the solution of carbon in the difficultly 
fusible metals. We thought that it would be well to add to this 
first work, the study of the different varieties of carbon produced 
by the same method under different conditions of temperature and 
pressure. From this point of view, the most important metal 
from its application being iron, we directed our attention to it. 

The melting-point of gray cast iron being in the neighborhood 
of 1150°, the graphite that we studied, which came from the gray 
cast iron from Saint-Chamond, was therefore formed somewhere 
near this temperature. The mixture of amorphous carbon and 
graphite which remains when this cast iron is treated at a low red 
heat with chlorine, was repeatedly treated with fuming nitric acid, 
then with hydrofluoric acid. The graphite which remained, after 
washing and drying, possessed the following properties : Its den-, 
sity was 2.17; it burned in oxygen at 670° ; it appeared in groups 
of very small crystals, which showed distinct hexagonal termina- 
tions and in bright, irregular masses with good cleavage (Fig. 
14). The color is inclined to the gray. Treated with the ordi- 




Fig. 14. Magnified 20 diameters. 

nary concentrated nitric acid and potassium chlorate it was at- 

1 The temperature at which all of these operations were made was not sufficiently 
hi|çh for the formation of appreciable quantities of the borides or silicides. 
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tacked on the second treatment, and on the third treatment was 
completely converted into a green graphitic oxide which was fairly 
well crystallized. If, as we have previously shown, concentrated 
nitric acid had been used and if moisture had been avoided on the 
first treatment a light green graphitic oxide would be formed, be- 
coming yellow on the second. 

^ In another series of experiments, we separated the carbon by 
treating the same iron with a mixture of hydrochloric acid, to 
which a small quantity of nitric acid had been added. The addi- 
tion of the latter oxidized the iron to ferric chloride which is 
soluble in dilute acids. This treatment also destroyed a large part 
of the amorphous carbon. The residue was washed and dried, 
and repeatedly treated with fuming nitric acid. In order to free 
this graphite from the mineral substances which it still contained 
it was first treated with hydrofluoric acid, then boiling sulphuric 
acid. Under these conditions there remained a substance which in 
appearance resembled graphite but contained only 80 to 85 per 
cent, carbon, 1.30 per cent, ash, and 0.15 per cent, hydrogen. The 
content of hydrogen varied between 0.15 and 0.80 per cent.^ As 
this graphite was kept at a dull red heat during the analysis I am 
led to believe that during the treatment with acid a complex body 
was formed containing carbon, hydrogen, oxygen, and nitrogen, 
and stable enough to resist the temperature of 400**. 

The formation of these compounds seems worthy of note in the 
study of the graphites of the metals when these graphites have not 
been prepared at a high temperature. These compounds appear to 
be formed by the addition of hydrogen, rather than by the oxida- 
tion of iron carbide. They can be classed with the compounds 
obtained by Eggertz in the action of iodine water on iron and by 
Schutzenberger and Bourgeois on treating a white iron with a 
solution of copper sulphate.* 

Graphite from Strongly Heated Cast Iron, — ^A very good qual- 
ity of wrought iron was introduced into a crucible of sugar car- 
bon, and the crucible and contents submitted, in the electric fur- 
nace, to the action of an arc of 2000 amperes at 60 volts. The 

1 This graphite contained nitrogen, which appeared as ammonia when treated with 
soda-lime, and which appeared as red vapors when the graphite was burned in oxygen. 

s Schutzenberger and Bourgeois : " Recherches sur le carbone de la fonte blanche," 
Compt. rend. y 80, 911. 



ARTIFICIAL GRAPHITES 7I 

experiment lasted ten minutes. Under these conditions, the iron 
dissolved somewhat large quantities of carbon and became viscous. 
We were surprised to find that at this high temperature, the cru- 
cible could be inverted without the metal running out. On allow- 
ing the mass to cool, protected from the air, a brittle mass formed 
on the bottom of the crucible which was covered with beautiful 
crystals of graphite, frequently several millimeters in diameter. 
On the surface of the metal, some fragments were found which 
contained very little iron and which were formed by a mass of 
graphite crystals. At this high temperature a portion of the metal 
had been volatilized. 

The ingot was subsequently treated with chlorine at a low red 
heat and the residue treated with warm, fuming nitric acid to de- 
stroy any amorphous carbon. This graphite appeared in large, 
bright, crystals which had a beautiful black color, and were fre- 
quently very regular. A group of very small crystals were also 
found which formed a kind of felting apparently resulting from 
the condensation of the vapor of carbon. This graphite had a 
density of 2.18; it burned in oxygen at about 650° ; it contained 
99.15 per cent, of carbon and only 0.17 per cent, of ash and 0.28 
per cent, of hydrogen. It was much finer than the graphite from 
ordinary cast iron, and apparently contained only a small quantity 
of the complex hydrogen compounds which are always found in 
the graphite of ordinary cast iron which has been treated with 
dilute acids. This graphite having been heated to a high temper- 
ature, showed great stability when treated with the oxidizing mix- 
ture. The first and second treatment was without effect ; only at 
the third, the formation of a light-colored graphitic oxide began 
and this had the appearance of smoked glass. The graphitic oxide 
appeared in regular hexagons. With concentrated acid the treat- 
ment had to be repeated four times in order to effect complete 
transformation into yellow graphitic oxide (Fig. 15). These 
two experiments clearly demonstrate that the resistance of iron 
graphite to oxidizing agents is a function of the temperature to 
which it has beeen raised. 

Graphite from Cast Iron Cooled in Water. — In order to intro- 
duce pressure in the preparation of graphite, we used a method 
which served to strongly compress the carbon in the liquid iron ; 
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we suddenly cooled ihe melted iron with cold water. After treat- 
ment with chlorine, similar to that previously described, there re- 
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mained a bright residue having a beautiful black color and whidi 
was entirely different in appearance from all of the other graph- 
ites. It consisted of short, thick crystals, whose angles were fre- 
quently blunted and of irregular masses whose rounded form indi- 
cated the commencement of fusion (Fig. 16). In appearance, 




it reminds one of sample b of graphite from the blue ground. Its 
density was 2.16; it burned in oxygen at 660° and on analysis 
gave the following results : Ash, 1.29; hydrc^en, 0.64. Treated 
with the ordinary oxidizing mixture, it began to be transformed 
into graphitic oxide only at the third treatment. With concen- 
trated nitric acid, it required four treatments to form a crystalline 
graphitic oxide. 

Graphite Produced by the Action of Silicon on Cast Iron. — In 
the preceding experiments, attention was directed only to the prep- 
aration of graphite by the solution of carbon in iron. I also 
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desired to study the carbon prepared by a chemical reaction 
and to this end threw out the combined carbon in cast iron 
by means of silicon, using the reaction which we previously 
studied. We will not repeat the details. The graphite obtained 
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by this means had a beautiful black color and frequently crystal- 
lized very regularly (Fig, 17). Its density was 2.20. On analysis 




i^g e Magnified 30 dismclers. 
it gave : Carbon, 98.82 ; ash, 0.85 ; hydrogen, 0.20. It was 
readily destroyed by the oxidizing mixture and on the first treat- 
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ment with ordinary nitric acid and potassium chlorate, some frag- 
ments of graphitic oxide could be seen which had begun to form 
on the edges (Fig. i8). The transformation was complete on 
the third treatment ; the greenish yellow graphitic oxide became 
clear and bright and the crystals in a remarkable manner preserved 
the original appearance of the graphite. 

With concentrated nitric acid, the transformation into yellow, 
crystalline graphitic oxide was complete with the third treatment. 

Presence of Hydrogen in the Different Çraphites. — ^All the 
graphites that we studied contained hydrogen. This hydrogen 
can arise, either by a physical phenomenon as the condensation of 
hydrogen gas in the graphite^ or by a chemical phenomenon sucli 
as the taking up of hydrogen by iron carbide or of certain varieties 
of amorphous carbon which are contained in the iron. To show 
that this hydrogen is not in combination in the graphite we made 
the following experiment : An ingot of iron saturated with carbon, 
under the action of an arc of 2,200 amperes at 60 volts, was al- 
lowed to cool in a closed electric furnace. On cooling, the metallic 
ingot became covered with a considerable quantity of graphite. 
This graphite was collected, without being separated from the 
small particles of iron which it contained, without being treated 
by a reagent, and a small quantity was placed in a boat and heated 
for ten hours in vacuum to a temperature of 500®. 

When the apparatus was still at 200°, dry air was allowed to 
enter, then it was weighed in a glazed tube and finally placed in 
the boat, still hot, in a combustion furnace, and served as a blank. 
Under these conditions the combustion of 0.076 gram graphite in 
oxygen gave an increase in weight of i mg. of water, correspond- 
ing to only 0.014 gram of hydrogen, a quantity within the limit 
of error of the experiment. When the conditions of formation of 
graphite in the same metal, iron, were studied, by varying the 
temperature and pressure, the following results were obtained : 

( I ) Under ordinary pressure, the purest graphite is formed at 
the highest temperature. 

(2) Graphite which has been obtained at a high temperature is 
more stable in presence of nitric acid and potassium chlorate. 

1 Cailletet showed long ago by his delicate experiments that fused cast iron dissolves 
considerable hydrogen gas. 
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(3) Under the influence of pressure, the crystals and the masses 
of graphite assume the appearance of a fused substance. 

(4) The small quantity of hydrogen, which is invariably con- 
tained in graphite, diminishes as the purity increases. Graphite 
treated with no reagent and only previously heated in a vacuum 
gives no water when burned in oxygen. 

(5) In the treatment of cast iron by acids, hydrogen and oxy- 
gen compounds appear ; they resist the temperature of a low red 
heat, and, like graphite, are destroyed by burning. 

C. Graphite which Swells 

In the blue ground from the Cape of Good Hope we found a 
variety of this graphite which is similar to the graphites, described 
by Luzi in New York state (Ticonderoga), in Ceylon, Quebec, 
Spain and in Norway. 

Our studies, on these different varieties of carbon, have brought 
about the preparation at will of this particular species of graphite 
which is abundantly distributed in nature, but which had not been 
prepared in the laboratory. To obtain this graphite which swells, 
it is only necessary to quickly cool melted iron in water. On the 
surface of the iron ordinary graphite is found, and a little below 
the surface there is found a quantity of graphite which, when 
treated with nitric acid, rapidly swells. A- mixture of the two 
graphites can thus be prepared, or as Luzi designates them, a 
mixture of graphitite and graphite. When only the swelling 
graphite is desired it is preferable to use some other metal than 
iron, to dissolve the carbon. The metal which gives the best re- 
sults is platinum. 

Graphite which Swells, from Platinum. — ^About 400 grams of 
platinum were fused in a carbon crucible in the electric furnace, 
using a current of 450 amperes at 60 volts. The platinum melted 
rapidly and after a few minutes, distilled and condensed in the 
form of melted drops on the cooler parts of the electrodes. The 
liquid platinum in a short time became saturated with carbon at 
this high temperature. After six or eight minutes the current 
was interrupted and the metal allowed to slowly cool in the cru- 
cible. Under these conditions, a solution of carbon in platinum 
was formed and the excess of carbon crystallized in the mass as 
graphite. The metallic mass was heated with aqua regia, after 
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which the residue was washed with boiling water and dried. The 
yield was 1.45 per cent. 

Properties. — This graphite was of a slate-gray color, somewhat 
lighter than that from cast iron. It appeared in individual hex- 
agons, but more frequently as superimposed crystals. Under the 
microscope, the hexagonal plates, which were strongly reflecting, 
showed parallel striations and sometimes the triangular impres- 
sions which were not as strong as those on the diamond. Some 
reflecting surfaces also showed parallel lines of various forms. 

The density of this graphite varied between 2.06 and 2.18; it 
burned in a current of oxygen at 575°. This graphite, when sub- 
mitted to the action of nitric acid in the treatment with aqua regia, 
swelled greatly as soon as it was heated to dull redness. Indeed, 
at 400°, it acted similar to mercury sulphocyanide. The light 
mass, obtained under these circumstances, was formed of graphite, 
for, when acted on with the mixture of potassium chlorate and 
nitric acid, at the first treatment, there was formed a green-colored 
graphitic oxide which became light yellow on the second treat- 
ment. Potassium nitrate, at the melting-point, was without 
action on this variety of carbon. When heated a little higher, the 
graphite began to swell and was fairly rapidly destroyed, but gen- 
erally without taking fire. Fused chromic acid did not readily 
attack it. However, when this oxidant commenced to evolve oxy- 
gen by elevating the temperature, a small quantity of carbon 
dioxide was evolved. On the contrary, gently warmed iodic acid 
readily attacked it with the evolution of carbon dioxide and iodine 
vapor. Heated sulphuric acid did not alter it in appearance and 
the boiling acid did not give sulphur dioxide. Fusion with sodium 
carbonate rapidly destroyed it. 

The analysis of this swelling graphite was made by combustion 
in a current of pure oxygen, and weighing the carbon dioxide 
which was formed. The following figures were obtained : 

I. II. 

Carbon 99.02 98.84 

Ash 1. 10 1.02 

As the increase in weight of the tube for the collection of water 
was only 1.5 milligrams we concluded that this graphite either con- 
tained no hydrogen or only an insignificant quantity. The ash, when 
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examined with the microscope, presented the appearance of spongy 
platinum, and by treating with aqua regia it was possible to recog- 
nize this metal. 

Cause of the Swelling, — There yet remained to be determined 
what causes the swelling of this variety of carbon. On this 
point we give the following experiment: About i cc. of this 
graphite was heated in a glass tube in a current of air free from 
carbon dioxide. As soon as the temperature approached a low 
red heat, the mass rapidly swelled and at the same time evolved 
nitrous fumes and a small quantity of carbon dioxide which was. 
collected in baryta water. A last addition of acid gave no precipi- 
tate in the baryta water. It, therefore, appears that the property 
of swelling can be attributed to a sudden evolution of gas, perhaps 
by the action of the heat on a small quantity of amorphous carbon 
under pressure between the hexagonal plates of the graphite, or 
by the decomposition by heat of a small quantity of graphitic oxide 
which is produced by the action of the nitric acid on a trace of 
amorphous graphite mixed with the crystallized graphite, and 
which is more readily attacked. At all events, it is the sudden 
evolution of a small quantity of gas which has been expanded by 
heat, that produced this particular swelling. 

Graphite which Swells from Different Metals. — On continuing 
this work, we observed that many other metals can replace plati- 
num in the preparation of this variety of graphite. In all of our 
work on the different varieties of graphite, we found the curious 
fact that of all the graphites obtained by the simple action of a high 
temperature on any variety of carbon (diamond, lampblack) or 
by the condensation of the vapor of carbon, none showed a trace of 
increase of volume by the action of concentrated nitric acid. On 
the contrary, all of the graphites prepared at a high temperature, 
by solution of carbon in a fused metal, were of the swelling 
variety. 

Zirconium, vanadium, molybdenum, tungsten, uranium, and 
chromium gave graphite which swelled. This was also true of 
aluminum, which is only saturated with carbon at a high tempera- 
ture. This phenomenon of swelling, under the action of nitric 
acid, not only shows the action of the metal on the carbon, but par- 
ticularly the temperature at which the graphite is formed. In 
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fact, a gray iron from Saint-Chamond gave, after treatment with 
chlorine and destruction of the amorphous carbon with nitric acid, 
a graphite which did not swell at all in presence of nitric acid wiA 
an increase of temperature. This same iron, strongly heated in 
the electric furnace, under the action of an arc of 2000 amperes at 
50 volts, gave, on cooling, a graphite which swelled greatly.* I 
remember that this swelling was produced by the action of ordi- 
nary nitric acid. It is possible to dry the graphite, which has 
been moistened with the acid, in an air-bath at 120° for an entire 
day, and as soon as the temperature is raised, the mass greatly in- 
creases on heating. 

In all of these varieties of graphite, produced by the action of an 
intense heat, the temperature of swelling is not very high. It 
varies between 165° and 175°. Hence it is not necessary to heat 
this graphite as high as dull redness. We introduced into a 
glass tube a sniall quantity of this swelling graphite which had 
been previously treated with nitric acid, then dried in an air-bath. 
After exhausting the air from the tube, it was sealed off with a 
burner. The swelling was produced in the vacuum at the same 
temperature as before, and there was evolved a gaseous mixture, 
containing carbon dioxide, nitrogen, and red vapors, while small 
drops of nitric acid condensed on the sides of the tube. Thus, as 
we have remarked, this swelling can be ascribed to the sudden 
evolution of a volume of gas, expanded by the heat. These ex- 
periments show that the swelling graphites, prepared in the 
laboratory, can be as plentiful as those which are found in 
nature. Without doubt they explain the formation of the natural 
swelling graphites, some of which give, as is known, an ash that 
is frequently rich in iron oxide. These graphites appear to have 
been produced at a high temperature, without great pressure, in 
the midst of masses of iron which afterwards have disappeared 
under the action of such gases as hydrochloric acid.^ 

Graphite is a body which resists most of the chemical agents. 
At dull redness, water vapor and air are without action on it. It 

* In the study which we have made on the diamond ground from the Cape mines, we 
found that the serpentine breccia contained a greater quantity of crystalline swelling 
graphite than diamonds. The ash of this graphite was very ferruginous. 

* This formation of readily volatile iron chloride is possibly the cause of the distribu- 
tion of iron during the first geolos^ical periods. 
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is consequently found separated from its metallic gangue, and 
forms larger or smaller masses where it has been disseminated in 
the Tocks. 

Conclusions. — According to the definition of Berthelot, we 
^ve the name of graphite to the varieties of carbon generally 
crystalline, having a density of about 2.2 and which, on treatment 
with an oxidizing mixture of potassium chlorate and nitric acid, 
give graphitic oxide which is easy to recognize. These graphites 
are found on the surface of the earth and in some meteorites. 
They can be divided, according to Luzi, into graphites which swell 
and graphites which do not swell, when gently heated in presence 
of a trace of nitric acid. We found, in an American pegmatite, a. 
highly swelling graphite. The iron of Ovifack, and the blue 
ground of the cape also gave swelling graphites. Some of these- 
graphites, as those from Borowdale, are full of gas, which they; 
retain with great energy. The graphites obtained by mere eleva^ 
tion of the temperature in the electric furnace, do not swell at all. 

On the contrary, all those which were obtained from a fused 
metal at a high temperature, either by difference of solubility or 
by chemical action, have the property of swelling readily. This 
swelling graphite is readily prepared in the electric furnace by 
allowing platinum to boil in a carbon crucible. The swelling of 
this variety of carbon is explained by the sudden evolution of 
gas. Artificial graphites can be either amorphous or crystalline. 
Their density varies between 2 and 2.25. Their temperature of 
combustion in oxygen is in the neighborhood of 660**. When 
pure, they do not contain hydrogen. A graphite obtained in the 
electric furnace, which was not treated with a reagent, and which 
was previously heated in vacuum, gave no water when burned in 
oxygen. On the contrary, ordinary cast iron, treated with dilute 
acids, gives hydrogen and oxygen compounds, which are not de- 
stroyed at a low red heat. 

When graphite is prepared in the electric furnace, its resistance 
to oxidation is proportional to the temperature to which it has 
been raised. An easily attacked graphite, such as the graphite 
from Ceylon, can be rendered difficult to attack by strongly heat- 
ing. This explains the existence of the many varieties of graphite 
analogous to the different varieties of amorphous carbon. 



THIRD PART 
Preparation of the Artificial Diamond 

General Remarks. — When Lavoisier demonstrated in his 
memorable work that diamond was crystalline carbon, attempts at 
its artificial preparation were soon made. The attempts made in 
this direction are numerous, but little has been done in a methodical 
and systematic manner. If we except some important works, we 
see from the historical part of the question, how much of contra- 
dictory or doubtful matter has been published. Moreover, whilethe 
number of experiments has been large, the publications have not 
been as extended as one would at first expect. It appears, without 
doubt, that many of the workers have considered more the arti- 
ficial preparation of the diamond than the study of the diflFerent 
allotropie forms of carbon. Considered from this point of view, 
the question was incomplete. On account of these views, we 
desired to study in as general a manner as possible the three 
varieties of carbon : Amorphous carbon, graphite, and diamond. 

In the preceding chapters we have given the results obtained 
with the amorphous carbons and the graphites. In this we take 
up that which relates to the diamond. At the beginning of our 
work, we were convinced that it is possible to prepare artificial 
diamonds ; the first crystals obtained were microscopic. When 
the size of the quartz crystals which are found in nature is com- 
pared with the synthetic crystals obtained by the method of 
Daubreé, we should not expect to prepare, in the beginning of a 
study on crystallized carbon, diamonds of many carats. 

We call attention to the many researches and successive eflForts 
made to effect the synthesis of rubies of any size, and having the 
coloration and brilliancy which we find in some rare specimens 
of this beautiful gem. We therefore pursued the work by study- 
ing carefully, always with the microscope, the residues, frequently 
very small, obtained in our experiments after the various 
chemical actions of which we shall speak later. It is due to the 
microscope that we have been able to carry out this work. 

Finally, it is necessary to separate a powder of crystalline car- 
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bon not only from a large excess of amorphous carbon and graph- 
ite, but also from silica, the silicates, crystalline or fused alumina ; 
în a word, all the substances that inorganic chemistry can furnish. 
Here the important work of Berthelot^ serves as a guide and 
model. The diamond can be defined as follows : A simple body, 
having the greatest hardness, a specific gravity of 3.5, burning in 
oxygen above 700° and of which i gram by its combustion in 
oxygen, gives 3.666 grams of carbon dioxide. 

The three important factors are : The hardness, density, and com- 
bustion in oxygen. Heretofore the ordinary clear diamond 
scratched all other bodies and was scratched by none. We have 
demonstrated that this great hardness, which was believed to be 
a peculiar characteristic of the diamond, is also found in some of 
the new compounds that we have prepared in our electric furnace. 
The carbon boride slowly cuts the diamond and the titanium 
silico-carbide has a hardness which is almost equal to that of the 
diamond. On the contrary, certain varieties of bort of indistinct 
crystallization well )cnown to jewelers, and the black diamond 
always deserving the name aâa jja, possess greater hardness 
than the new compounds. 

The electric furnace has increased the number of bodies which 
are hard enough to scratch the ruby. Among these may be men- 
tioned silicon carbide, and many carbides, borides, nitrides, sili- 
cides, and silico-carbides of the metals. 

It appears, in this brief résumé, that a number of bodies can 
scratch the hardest corundum without being diarriond. The pe- 
culiarity of scratching ruby is, consequently, not a fact of the 
greatest value. Neither can the great density of crystalline car- 
bon (3.5) serve to distinguish only the diamond. Certain titanium 
compounds, the carbo-silicides, carbo-borides of complex formula 
of the metals, can have equal or greater densities than crystalline 
carbon. 

The combustion at red heat with formation of carbon dioxide is 
not sufficiently characteristic. Carbon boride and some metallic 
boro-carbides, very hard and very dense, can partially burn at red- 
ness with the formation of carbon dioxide. The combustion in 
oxygen has only definite weight when a quantity of carbon dioxide 

1 Berthelot : " Sur les différents états du carbone," Ann. ckim, phys., 4e série, 19,392. 
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is formed which, when weighed, corresponds to the atomic weight 
of carbon. It is necessary then in order to be considered diamond,, 
that it must possess the three properties : Hardness, density, and 
the property of burning in oxygen, forming 3.666 grams carbon 
dioxide for one gram of substance burned. Bach experiment, 
which rests on but one of these three properties, is insufEcient and 
can lead to a false conclusion. Before describing my work on the 
production of artificial diamonds, I wish to thank my assistant, 
Lebeau, who in all this work has given the most devoted and 
assiduous help. 

Historical. — In this part we will not review the complete his- 
tory of the work on the preparation of artificial diamond; this 
would lead us too far. We will give only a short description of 
the most important work published in this direction. 

In 1828, J. N. Gannal presented to the Académie des Sciences a 
paper entitled "Observations faites sur Taction du phosphore mis 
en contact avec le carbure de soufre pur." In this work, Gannal 
announced that on allowing a solution of phosphorus in carbon 
bisulphide to remain for three months under a layer of water, 
there was formed crystalline carbon, some parts of which were of 
the size of a grain of millet. We repeated the work of Gannal, 
according to his description, and were never able to obtain any- 
thing but some small fragments of glass or small grains of silica 
which were completely soluble in hydrofluoric acid. 

Later we varied the experiments by lengthening the time. At 
the end of six months, a year, and five years we obtained nothing 
at all. The phosphorus was replaced by antimony under similar 
conditions and the result was always negative. We never obtained 
crystals which were visible to the naked eye, and the microscopic 
particles, which were separated by treating with carbon bisulphide, 
and then with distilled water, always disappeared in boiling hydro- 
fluoric acid. Gore also repeated the work, obtaining no better 
results. 

We need only mention the work of Cagniard-Latour. 

Incidental to his work on the volatilizaton of refractory bodies 
by means of the electric arc^ Despretz endeavored to prepare arti- 

1 Despretz : " Fusion et volatilisation de quelques corps réfractaires sous la triple 
action de la pile voltaïque, du soleil et du chalumeau.*' Comptes rendus de l'Académie des 
Sciences, 1849, a8, 755. and 39. 48, 545, and 709. 
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ficial diamond. The work of Despretz has been thoroughly dis- 
cussed. It is known that this worker , on allowing an electric arc 
to play between a carbon electrode and a bundle of platinum wires, 
obtained a crystalline powder that scratched ruby, and this 
property only was brought out as a proof that the substance was 
crystalline carbon. Many chemists have doubted the results of 
this experiment. It is, however, very probable. The small, bright 
particles, obtained by Despretz, were silicon carbide or possibly 
boron carbide, whose hardness is great enough to easily scratch 
the ruby and as well, soft diamond. 

The action of the electric arc on carbon has never given crystal- 
line carbon. In the work of which we shall speak later, Berthelot 
studied the extremities of the electrodes of the arc light which 
were used for some time, and after destroying the graphite, could 
not find a trace of diamond. We would also add that the small 
carbon capsules and the electrodes of Despretz, which were depos- 
ited at the University of Paris, were examined in 1870 by 
Berthelot. These capsules and the extremities of the electrode? 
were completley transformed into graphite, as Despretz had said, 
but only into graphite, as Berthelot showed by the transformation 
of this variety of carbon into graphitic oxide. 

In 1866, as a result of a geological theory of de Chancourtois, 
Lionnet presented to the Académie des Sciences a paper, "Sur la 
production naturelle et artificielle du carbone," in which he showed 
that carbon bisulphide is decomposed by a couple formed of gold- 
leaf wrapped in tin-foil. We repeated this work and when the 
carbon bisulphide was pure, there was no deposit formed in five 
years. When, as in Lionnet's experiment, moist carbon bisulphide 
was used, small, bright particles were observed deposited on the 
vessel at a low temperature; these bright particles were formed 
by drops of water which, at first sight, could be taken for small 
crystals. We then studied what the necessary conditions were 
in order to precipitate carbon by electrolytic decomposition, and 
showed that carbon thus prepared is always amorphous. 

On February 19, 1880, J. B. Hannay published a preliminary 
notice bearing the title "On the Artificial Production of the 
Diamond,"^ and a little later a paper "On the Artificial Forma- 

1 Proceedings Royal Society, Edinburgh (1880), p. 1S8. 
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tion of the Diamond."^ In this work Hannay undertook the 
study of carbon separated from the hydrocarbons by the action 
of the alkali metals. It has been known for a long time that this 
reaction, at a high temperature, gives a bright carbon, possessing 
some hardness. Hannay first worked with paraffin oil, and in 
experiments which were varied somewhat, but obtained" no re- 
sults. He then tried a more complex body, bone-oil, to which he 
added lo per cent, of oil of paraffin. The alkali metal chosen by 
Hannay was lithium.^ He heated the whole founteen hours in an 
iron tube, whose ends had been welded and when the tube was 
not broken, he sometimes found small, black or transparent crys- 
tals which possessed the properties of the diamond and burned 
in oxygen, giving a weight of carbonic acid proportional to the 
atomic weight of carbon. Hannay, on collecting the gases of 
combustion, observed that the carbonic acid formed contained 3 
per cent, of nitrogen, and he says that since the diamond has only 
been obtained in the presence of nitrogen compounds and from 
the fact that the mixed product ( i part only of 14 mm. was trans- 
parent) contained nitrogen, he is led to believe that it is by the 
decomposition of a nitrogenous body and not from a hydrocarbon 
that the diamond is produced in this reaction. 

The work of Hannay is somewhat complicated and contra- 
dictory. The manner of separating the diamond from the layer 
of carbon which covered the iron tube is not very clear. In one 
experiment he found on the bottom of the tube a smooth coating 
adhering to the sides. Since he never obtained the result, he sawed 
oflF the end of the tube. The mass was black, and on removing 
it with the chisel, it appeared to be formed of iron and lithium. 
He pulverized it in the mortar when hard particles were ob- 
served which did not resist a blow. On examination it was found 
to be transparent, and was the diamond. It appears that the mass 
which was removed by the chisel lost the diamonds which it 
contained very easily in the mortar. Moreover, at the same time 
Hannay mentions the presence of silica, which should not be 
found in these experiments. If the substance obtained by Hannay 

1 Proceedings Royal Society, Edinburgh (1880), p. 450. 

* Hannay does not give the preparation of the lithium which he used in his work. 
Before the investigations of Guntz, it was impossible to obtain lithium from chemical 
dealers. 
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was really diamond, it was formed under pressure as we shall 
see later, by the solution of carbon in an easily fusible alloy of 
lithium and iron, and not by the action of the nitrogenous bodies 
in the bone oil. 

At all events I desired to repeat the work of Hannay. I drew 
out wrought iron which had the following dimensions: I^ength, 
0.60 meter; thickness, 0.014 meter; internal diameter, 0.006 meter. 
Inside the tube was introduced a mixture of lithium (for which 
I am indebted to Gunz), bone-oil and oil of paraffin. But when 
I sealed the tube by welding the iron at a red heat (as Hannay 
states) I observed that all of the liquid contents of the tube distilled 
before the tube was entirely closed. Also when the tube was 
wound with a lead coil, cooled by a current of cold water, the 
temperature obtained at the end in attempting to seal, would not 
permit the mixture to remain in the tube. 

After many unsuccessful attempts I abandoned the attempt to 
repeat the experiments. In this direction Marsden has published 
very interesting experiments in the same line, which we shall 
review. 

In a preliminary notice, on the preparation of adamantine car- 
bon, Marsden^ remarked that he heated silver or an alloy of silver^ 
or an alloy of silver and platinum in a crucible of sugar carbon 
to the melting-point of steel. At this high temperature, silver 
dissolves a small quantity of carbon which, on cooling, separates. 

Marsden treated the metal with nitric acid, and, in the residue,, 
collected amorphous carbon, graphite, and small, black or trans- 
parent crystals. The quantity thus obtained was much too small 
to burn in oxygen and weigh the carbonic acid. According to 
Marsden, the properties of these crystals resemble those of the 
diamond. At the end of the paper Marsden announced that he 
was continuing the experiments, but since then he has given 
nothing further. The work of Marsden is curious, since he correctly 
observes a large number of different products and crystals which 
can be formed at the moment of solidification of a mass of silver, 
which gives up oxygen, alumina, silica, etc. For example, in 
some work in which he studied the solubility of silica in silver^ 

1 Proceedings of the Royal Society, Edinburgh (1880-1881), p. 20. 

s " On the Crystallization of Silica in Fused Metals," Proceedings of the Royal Society, 
Edinburgh (x88o-i88i), p. 37. 
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he speaks of hexagonal plates of a light yellow color, which 
were mistook at first for graphite and which were not studied 
further. These hexagonals were crystalline silicide of carbon, 
SiC, which is readily formed in silver at a high temperature, and 
which at present is prepared industrially under the name of 
carborundum. 

To return to the work of Marsden, which I have frequently 
repeated, I believe that it is possible to obtain, in such 
an operation, black diamond more or less crystalline. This 
is the case when the crucible, lined with retort carbon, is 
heated in the wind-furnace. It is known that this substance 
contains only a little ash ; the fire is quickly drawn, and a current 
of air, due to the strong draft of the chimney, rapidly rushes 
through the furnace. The crucible is rapidly cooled. The silver 
contained in the Doulton crucible of graphite is cooled on the 
outside; a metallic shell of great resistance is formed, while the 
center of the crucible is still liquid. On passing from the liquid 
to the solid state, it increases in volume, compressing the small 
quantity of carbon which remains in solution and which is about 
to deposit. Under the action of this pressure, black diamonds 
are formed. Previous to this point all the excess of carbon has 
been deposited as graphite. 

We shall see later that this experiment on the formation of 
black diamond in silver gives good and constant results, by 
quickly cooling a small quantity of silver saturated with carbon. 
By this method we never obtained transparent diamonds. The 
black residue separated by treating the silver with nitric acid, 
then with sulphuric acid and finally with hydrofluoric acid, is a 
mixture of graphite, black diamonds and transparent crystals, 
which at first sight it is possible to mistake for diamonds. The 
graphite was brought into a state of graphitic oxide by potassium 
chlorate and nitric acid, then destroyed; but the transparent 
crystals disappeared when the residue was fused with potassium 
bisulphate. On the contrary, the black crystals remained and 
showed the properties of black diamond. Marsden no doubt 
obtained the black diamond, but accidentally and without noting 
the important part played by the pressure. 

In conclusion, I repeat that the results of Marsden are very 
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curious and I have had the occasion to verify some of them in my 
work. In particular, I have readily obtained the crystals of silica 
that he has mentioned in the paper quoted. 

A. Preliminary Investigations. 

Our early work on fluorine and its compounds brought about 
some experiments on the crystallization of carbon. It is known 
that fluorine is a g^reat mineral former and that it frequently 
forms well-crystallized bodies in the reactions in which it enters. 
We therefore first studied the combinations of fluorine with 
carbon which have not been known heretofoi-e. We prepared 
various fluorides of carbon and varied the conditions, hoping that 
in an inverse reaction we would obtain crystalline carbon.^ 

In all of this work on the decomposition of the fluorides of car- 
bon we never obtained anything but lampblack at dull redness or 
graphite at a high temperature. We were led to generalize our 
work and to undertake, as we shall show later, as complete a 
study as possible on the three varieties of carbon. 

In order that this should include the diamond we thought, in 
the beginning of our work, that a number of preliminary experi- 
ments should be systematically undertaken, with the view of 
producing crystalline carbon. In all problems of research the plan 
is the same, and work of analysis should precede that of synthesis. 
In this particular case it appeared important to make as complete 
a study as possible, not only of the properties of the diamond, but 
also of the geological conditions under which it has been formed. 
Hence we will take up the preliminary work at once. 

On Some New Properties of the Diamond. — Those who 
have studied the properties of the diamond have directed their 
attention particularly to the action which oxygen exerts on this 
substance at a high temperature. Although the action of oxygen 
has been known for a long time, there has been no study of the 
exact temperature of combustion of the diamond. In the deter- 
minations of the atomic weight of carbon, Dumas and Stas^ made 
their experiments in a porcelain tube heated to redness in a clay 
furnace. Most chemists since this time, who have burned the 

Ï H. Moissan : ''Action du fluor sur les différentes varieties de carbone," Compt. rend.^ 
iio, 376 and 951 (1890). 

s Dumas and Stas : "Recherches sur le véritable poids atomique du carbone," /Inn. 
chim. phys,y 3* série, I, 5. 
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diamond, have used this method of combustion in a porcelain 
tube in a good combustion furnace such as is used in organic 
analysis.^ In the beginning of our work we observed that there 
is a great difference in the combustion point of different speci- 
mens from Brazil or from the Cape. 

In order to determine the combustion point, we used the electric 
pyrometer of Le Chatelier, which was placed in a porcelain tube 
that was glazed inside and outside. The alloy was placed on a 
small platinum support which contained the diamond to be burned. 
This apparatus, closed at each end by glass stoppers, cemented 
to the porcelain tube, permitted the combustion of the diamond 
in oxygen to be observed.^ 

Two small drops of baryta water were placed in the apparatus, 
the one after the oxygen in order to insure its purity, the other 
after the porcelain tube, to determine when thé combustion began. 
When the temperature was raised the combustion of the diamond, 
recognized by the action of the carbonic acid on the baryta water, 
proceeded slowly at first and without apparent production 
of light, but when the temperature was raised 40° to 50° the 
combustion was accompanied by light and the diamond was sur- 
rounded by a distinct flame. 

Another curious fact was observed in these experiments. Dur- 
ing the combustion of the diamond there was always observed 
to appear on its surface small, opaque particles, which indicate the 
transformation of the transparent into black carbon, while at the 
same time the combustion continues. The results of our experi- 
ments are as follows : 

No. I Ochre-colored carbon; burned with flame at a tempera- 
ture of 690 **. 

No. 2. Very hard, black diamond, having a rough appearance ; 
burned with flame between 710° and 720°. 

No. 3. Transparent diamond from Brazil ; began to bum with- 
out flame at 760** to 770°. 

No. 4. Well-crystallized, transparent diamond from Brazil ; be- 
gan to burn without Hght between 760® and 770 **. This diamond, 

1 Priedel : "Combustion du diamant,'* Bull. Soc. Chtm., 41, 100. 

* The oxygen was prepared in the laboratory from a mixture of potassium chlorate 
and manganese dioxide, the latter having been first strongly heated. Before each com- 
l>ustion, this oxygen was tested with potassium pyrogallate. It should not contain more 
than 3 per cent, of other gases. 
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which weighed about i carat, was previously heated in a carbon- 
lining at the temperature of an oxyhydrogen blowpipe, and 
was covered with a thin, black layer which was not affected by 
aqua regia. This superficial layer disappeared a little before the 
combustion of the diamond. 

No. 5. Cut diamond from the Cape; began to burn without 
light at 780° to 790°. . 

No. 6. Bort from Brazil ; began to burn without light at 790^ 
and burned with flame at 840°. 

No. 7. Bort from the Cape ; burned without light at 790° and 
with flame at 840°, like the preceding sample. 

No. 8. A piece of bort which was so hard that it was impossi- 
ble to cut, and scratched the steel wheel without being cut by 
diamond dust, began to burn only at 800° and with flame at 875 **. 

We then studied the action of various gases on the diamond. 
These experiments were made with gases prepared with the 
greatest of care and especially free from oxygen. The diamond 
on which the experiment was made was placed in a small, platinum 
boat in a platinum tube. Cut and transparent diamonds were 
used to better observe the least chemical action. Heated in hydro- 
gen to 1,200°, the Cape diamonds did not change in weights 
Moren has shown that diamond is not altered in hydrogen at a 
white heat.^ 

When the* slightly yellow, cut stones were used, very frequently 
a slight change of tint was observed ; they became light and took 
on a paler yellow color. But sometimes also they lost their 
brilliancy and became milky. Diamond heated to redness in a 
current of fluorine did not change in weight, while graphite 
was attacked at dull redness and lampblack at the ordinary tem- 
perature.* 

Dry chlorine did not act on the diamond between 1100° and 
1300° ; it was without action on the cut Cape diamond, which 
neither changed in weight or color. The same is true of hydro- 
fluoric acid gas under the same conditions. 

Sulphur vapor only attacks the diamond with difficulty. It 
must be heated to 1000° (determined by the electric pyrometer) for 

1 Moren : Compt. rend.^ 7o, 990. 

« Henri Moissan : "Action du fluor sur les différentes variétés de carbone," Compta 
Ttnd.f ilOf 376. 
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reaction to take place. With the black diamond, carbon bisul- 
phide is formed at 900®. 

Sodium vapor is without action on diamond at 600**. Iron, in 
the liquid state, energetically unites with the diamond and g^ves 
a fusion which, on cooling, deposits graphite. Melted platinum 
also combines with diamond at a high temperature. Bisulphate of 
potassium arid the alkalirie sulphates do not attack the diamond 
when fused with it. This is true of calcium sulphate, which is 
not reduced at 1000®. The action of oxidizing bodies has already 
been carefully studied. It is sufficient to recall the separation 
of the different varieties of carbon as shown by Berthelot, by 
means of potassium chlorate and nitric acid. In a valuable paper 
Ditte^ has shown that at 260° anhydrous iodic acid attacks all the 
varieties of carbon except the diamond. Fused potassium chlo- 
rate, as well as nitrate, are without action on the diamond, while 
black diamond, as Damour has shown, is attacked under these 
conditions. 

A curious reaction is shown by the alkaline carbonates. When 
diamond is introduced into fused sodium or potassium carbonate 
having a temperature of 1000° to 1200®, it rapidly disappears, 
forming carbon monoxide. This reaction induced us to investigate 
whether the diamond did not contain a small quantity of hydrogen, 
in which case it would come off in gaseous form apd could be 
readily recognized. 

The experiment was conducted as follows: A platinimi boat, 
containing the perfectly dry alkaline carbonate and the diamond, 
was placed in a porcelain tube, glazed inside and outside and which 
was exhausted after having previously been filled with carbon 
dioxide. Ihe tube vvas heated to 1100° to 1200° and the gases 
«volved were collected for analysis. 

A potash solution removed the carbon dioxide. The carbon 
monoxide was absorbed by a solution of cuprous chloride; the 
small residual gas, after adding oxygen, did not change in volume 
under the action of the spark. From this experiment it can be 
concluded that the diamond worked with, contained neither hydro- 
gen nor gaseous hydrocarbons. We believe, however, that this 

^ A. Ditte : " Recherches sur l'acide iodhydrique et ses principAU compotet métal- 
liques," Thèse de la Faculté des Sciences de Paris, 1870. 
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work is worth repeating with a larger quantity of diamond and 
particularly with the variety of diamond which fluoresces so beauti- 
fully in a blue light. These fluorescent diamonds probably contain 
a trace of hydrocarbons. 

We conclude from this preliminary work that the temperature 
of combustion of diamond varies with different specimens, it being 
between 760° and 875°. In general, the harder the diamond, the 
higher is its temperature of combustion. This variation of the 
combustion point establishes the existence of many varieties of 
diamond- forming carbon. The diamond at 1200° resists the action 
of chlorine, hydrofluoric acid, and of various salts; on the con- 
trary, it is readily attacked at this temperature by the alkaline car- 
bonates, and this decomposition shows that the specimens exam- 
ined contained neither hydrogen nor hydrocarbons. 

Analysis of the Ash of the Diamond. — In our first work we 
deemed it necessary to determine the material which formed the 
ash of the diamond. Dumas has remarked that it is well to know 
the traces of impurities contained in the crystals in order to know 
from what surroundings the carbon can have crystallized. 

Since the quantity of ash is very small in the very clear crystals, 
I directed my attention to bort which is much less valuable and 
which contains more of the impurities than do the colorless stones^ 
The method of analysis varied with the substances contained. 
Micro-chemical reactions were of the greatest value in some tests» 
We also used spectroscopic analysis, but the presence of iron,, 
which in the spectroscope gives a large number of lines, compli- 
cates this method. This method served to establish the existence 
of traces of elements that could not be detected by micro-chemica! 
means. 

Iron was detected by potassium sulphocyanide. Either a sul- 
phuric or hydrochloric acid solution of the ash was used or an acid 
solution after fusing the ash with a little pure sodium carbonate. 

Silica was detected by means of a salt of phosphorus bead. A 
trace can be recognized as insoluble silica in the bead. This is the 
most delicate reaction that we found for this substance. 

Titanium was detected by means of the reaction of Lewy, by the 
action of titanic acid on a solution of morphine in sulphuric acid.* 

1 I<6wy : "Contribution a l'Étude du titane," Thèse de la Faculté de Paris, 1891, andl 
Compt. rend^ Noy. 39, Dec. 13, 1886. 
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The ash can be either directly treated or it may first be fused with 
bisulphate. Calcium was recognized with the microscope by means 
of calcium oxalate crystals. Magnesium was likewise recognized 
under the microscope, by the formation of magnesium ammonium 
phosphate. All the pieces of diamonds before being burned in 
oxygen, were treated with hydrofluoric acid, then with boiling 
aqua regia, finally washed with water, and dried in an air-bath. 
The weight of the ash is not given when under one-half a milli- 
gram. 

No. I. — Bort from the Cape; greasy appearance, violet color, 
indistinct crystals. Sp. gr. =3.49, W = 0.387, ash, 0.0005 equiva- 
lent to 0.13 per cent, of the bort. The ash was white, with yellow 
particles ; it was very light and preserved the general form of the 
crystals, with a general appearance of opened leaves. 

Iron. — Considerable, recognized directly and readily by solution 
of the ash in hydrochloric acid. 

Silica, — Very good reaction in the bead. 

Calcium. — Traces as calcium oxalate confirmed by the spectro- 
scope. 

Magnesium. — Distinct but weak reaction as magnesium ammo- 
nium phosphate. 

No. 2. — Two pieces of bort from the Cape ; greasy appearance, 
pointed crystals, iron-gray color. Sp. gr. = 349, W = 0.146. 
Very little ash, less than one-half a milligram by weight, yellow 
colored and preserving the original form of the crystal. Rich in 
iron. Good silica reaction in the bead. No titanium. Traces 
of calcium and magnesium. 

No. 3. — Bort from the Cape ; iron-gray appearance. Sp. gr. = 
3.48, W = 0.093. Very little grayish white ash. Iron, character- 
istic reaction ; silica, good reaction. 

No. 4. — Bort from the Cape ; cubic form, curved faces. Sp. gr. 
= 3.48, W = o.ioo. Good reactions for iron and titanitmi. 

No. 5. — Bort from the Cape (Kimberly) ; bright, greasy appear- 
ance. W = 0.212. White ash, slightly yellowish on the edges. 
Iron, distinct ; no titanium. 

No. 6. — Bort from the Cape ( Jaegers fontein) ; reddish color, 
greasy appearance. W = 0.272. Considerable yellow ash. Silica ; 
much iron; titanium distinct. 
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No. 7. — Black diarrond from Brazil; very hard, and having the 
appearance of anthracite. Sp. gr. — 3.50, W ^=- 0.0397. The 
weight of the ash was less than one-half of a milligram, but was 
comparatively greater than that from No. 3. The ash was of a 
brick-red color, ven.- hard and had a granular appearance. 

Iron. — Clear reaction, formed the greater part of the ash, recog- 
mized by ferrocyanide and by the borax bead. 

Calcium.— Very small quantity, detected by the spectroscope. 

Magn esium . — Doubt f u 1 . 

Titanium. — None. 

No. 8. — Black diamond from Brazil ; black color, distorted ap- 
pearance, showing alternate black and white striations under the 
microscope. W := 0.354. It gave, on combustion, an ash of 
0.017 ^^ 4'^ P^'' '-■dt. 

It was possible to make a quantitative analysis of the ash ; the 
results are as follows . 

Pircrntof Perwnt.of 

the ash. the diaiiionil. 

Ferric osiide 53.3 2.2 

Silica 33.1 1.4 

Lime ra.a 0.6 

Magnesia traces traces 

No. 9. — Bort from Brazil; red fragments. Crystalline surface 
<»ntaining transparent veins of yellow color. Sp. gr. ^^ 3-49, 
W =^ 0.130. Less than one-half a milligram of ash, appearing as 
jreliow and white leaves. This ash was more difficultly attacked 
than that of the black diamond and had to be fused with potassium 
carbonate. 

Iron. — Clear reaction with sulphocyanide and ferrocyanide. 
Silica. — Rich in the bead reaction. 
Magn esium. —Doubtful. 
Calcium. — Very little. 
Tilaiiium. — None. 

No. 10. — Bort from Brazil; green, transparent fragments, 
■highly refracting, presenting some good crystalline faces. Sp. gr. 
^ 3-47, W ^ 0.093. 1"he ash was small and had a slight yellow 
color. Only the perfectly crystalline diamonds gave small quanti- 
ties of ash. 
/roH.— None. 




94 THE ELECTRIC FURNACE 

Silica, — Good reaction in the bead. 

No. II. — Cut diamonds from the Cape; slightly yellowish, very 
clear and fluorescent. Sp. gr. = 3.51, W = 0.126. The ash was 
barely visible ; iron could be recognized. 

All the specimens of bort or diamond from the Cape that we ex- 
amined contained iron. This metal furnishes the major portion of 
the ash. We found it in the ash of the black diamond and the 
ordinary diamond of Brazil, except in one green-colored variety of 
bort where it was entirely absent. In all of the specimens, we 
found silica and in most, calcium. Daubrée observed the pres- 
ence of this alkaline earth in certain irons, as that of the Ovifack. 

Investigation of the Blue Ground of the Cape. — The dia- 
monds of the Cape of Good Hope are found in the large mines in a 
serpentine breccia which contains more than eighty minerals and 
carries only 100 milligrams to 500 milligrams of crystalline carbon 
to the cubic meter. At first this blue ground was searched only 
for diamonds of some size and which could be picked out by hand. 
When the method of treatment was changed and machinery re- 
placed the work of man, it was possible to separate, by means of a 
fine sieve, much smaller diamonds; but, at present, the presence 
of microscopic diamonds in the serpentine rocks is ignored. These 
latter, of little importance from a commercial standpoint, are par- 
ticularly interesting in the subject of the artificial preparation of 
this variety of carbon. I am obliged for this work to the kindness 
of de Monmort, who at the last Paris Exposition procured for me 
the material necessary for this work. The samples were from the 
Old de Beers Mine. 

In order to isolate the microscopic diamonds which occur in this 
serpentine it was necessary to decompose all the other minerals 
which accompany this precious stone. 

Two kilograms of the blue ground were divided into portions 
of 250 grams and treated with an excess of boiling sulphuric acid 
for twelve hours. On cooling, it was washed with water, and 
treated with aqua regia. Another washing removed a large quan- 
tity of soluble portion ; the residue was placed in a platinum cap- 
sule and treated with an excess of boiling hydrofluoric acid. The 
residue which remained was 100 grams; the larger unattacked 
portions and the larger rubies were removed with pincers. It was 



PRELIMINARY INVESTIGATIONS 95 

next treated with boiling sulphuric acid, washed with water, then 
treated with hydrofluoric acid, and this double treatment repeated 
twelve or fourteen times, in order to remove principally the crystal- 
line alumina which is difficult to eliminate. There remained only 
0.094 gram of material and this residue was treated fifteen times 
with a mixture of potassium chlorate and nitric acid to destroy the 
^aphite. The final residue after washing with hydrofluoric acid, 
then with boiling sulphuric acid, was fractionated from the point 
of density of the material which it contained, with bromoform 
"having a density of 2.9 and methylene iodide of 3.4. 

The microscopic examination of the residue was followed 
throughout the whole preparation. Before the treatment with 
potassium chlorate we were able to recognize the presence of 
graphite in bright, hexagonal crystals or plates sometimes appear- 
ing in small cups. We also found large pieces of some thickness 
showing triangular impressions. This graphite with potassium 
chlorate gave a green-colored, graphitic oxide which changed to 
yellow and which was destroyed by sulphuric acid in order to avoid 
its transformation into pyrographitic oxide on burning. The 
graphite of iron, as has been shown by Berthelot, also gives a 
green-colored, graphitic oxide. We were able to isolate a graphite 
which sulphuric acid at 200° swelled.^ 

On examining the residue having a greater density than 3.4, 
which remained at the bottom of the methylene iodide, after these 
treatments, it was observed under the microscope that it consisted 
of a number of substances : 

1. An amber-yellow substance in irregular masses. 

2. Black diamond. 

3. Microscopic diamonds. 

4. Small, transparent crystals which did not bum in oxygen, 
appeared as elongated prisms, which did not fluoresce in violet 
light and which were acted on by polarized light. 

These fragments of a yellow substance which resisted such 
energetic treatment were somewhat transparent, some possessing 
the rectangular depressions in which crystals may have been in- 
cluded. Heated to looo**, this material left a gray residue, slightly 
magnetic and containing a large quantity of iron. We found 

1 We haye previously shown in our work on graphite how it is possible to prepare this 
variety. 
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the same substance in the cavities of large, natural diamonds anrf 
in some of the fusions in which the artificial diamond was pre- 
pared. 

The fragments of black diamond which we found with the 
microscope in the blue ground of the Cape were round, rarely 
scarred ; some showed right angles ; others had curved angles- 
and resembled octahedrons (Fig. 19, A) ; some possessed a bright^ 





amoiids front ihe Cape magnified loo diamctcra. 

oily appearance. Black, irregular and pointed fragments were 
also found. Their density varied between 3 and 3.5; they 
scratched the ruby and burned in oxygen at 1000°. 

The transparent diamonds varied greatly in size; some were 
scarcely visible^under the microscope with 500 diameters. These 
were rounded and were more numerous (Fig. 19, B). Some had 
a well-crystallized appearance (Fig. 20, B), and others appeared 
as transparent drops (Fig. 20, A and C), possessing striation» 




Fig, 10. Transparcot Diicroscopic diamonds from the Cape, magnified loo diamcten. 

and triangular impressions ; they burned in oxygen, giving carbon 
dioxide and readily scratched the ruby. Along with these dia- 
monds were found, in small numbers, fragments of bort and 
smoky diamonds. Some of the transparent crystals, which ap- 
peared as elongated prisms, contained silica; this could be de- 
stroyed, as well as the amber-yellow substance of which we have 
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previously spoken, by two fusions with potassium bisulphate, then 
by treatment with hydrofluoric acid and finally with sulphuric 
acid. 

In our study on the blue ground of the Cape, we discovered 
the existence of numerous microscopic diamonds, bort, black 
diamond in many forms and varying density, and graphite. 
The quantity of the graphite contained in the blue ground is 
certainly greater than the quantity of diamond which it is possi- 
ble to find, and the crystals of graphite are separated from cne 
another. 

In conclusion I would say that the discovery of black diamonds 
in the blue ground belongs to Couttolenc,^ who has shown its 
presence in the Old de Beer's mine. Although my analytical work 
was ready for two years, I had not published anything on the 
subject, hence, the priority belongs to Couttolenc. 

If this worker has not known of the existence of the micro- 
scopic diamonds, it appears, in his treatment of the blue ground, 
that he made a fusion with caustic soda, which always contains 
more or less carbonate ; I have shown that the diamond is easily 
destroyed by fusion with the alkaline carbonates. 

Investigation of the Diamondiferous Sand of Brazil. — 
Thanks to Professor Lacrois of the "Museum d'Histoire natur- 
elle,'' we were able to study the diamondiferous sand of Brazil 
which contains microscopic diamonds. 4.5 kilos were sifted and 
gave 1350 grams of a powder formed almost entirely of silica. 
The treatment was long, and it was only after a dozen treatments, 
using alternately hydrofluoric acid and boiling sulphuric acids, 
that a residue of 2 grams was obtained. 

The substance was fused with potassium acid fluoride, after 
which it was treated with potassium bisulphate. The residue con- 
tained jagged particles made up of small transparent grains, 
some spangles of native gold and platinum, and small, bright black 
crystals, having the appearance of graphite. Some of the latter 
were separated and converted into graphitic oxide, which, on 
burning, gave pyrographitic oxide. After recognizing the graphite, 
the entire residue was treated with methylene iodide. The por- 
tion heavier than the methylene iodide was separated and again 

1 " Examen de la terre diamantifère de la mine d'Old de Beers, by Couttolenc " (So- 
ciété d'Histoire naturelle d*Antun. 5e Bulletin, 127, December, 1892). 
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treated with potassium acid fluoride, then with bisulphate. One 
treatment with aqua regia was made to remove the precious 
metals. We were thus able to separate the black particles and 
the transparent particles which had no action on polarized light, 
but completely burned in oxygen, giving a white precipitate in 
baryta water. The residue also contained bright grains which 
were affected by polarized light ; they had an elongated form, 
corroded surface, would not burn and could be dissolved only by 
successive treatments. 

The sand of Brazil contains the black diamond with a rough- 
ened surface (Fig. 21, B), the transparent diamonds (A and B) 




of irregular form, and graphite, as we have shown above. There- 
fore, there is found in nature, either at the Cape or in Brazil, black 
or transparent, microscopic diamonds and, in both cases, these 
particles of carbon having a high density, are accompanied by 
graphite. 

Investigation of the Meteorite of Canon Diablo. — Since 
the presentation of a paper on the meteorite of Arizona to the 
Académie des Sciences, by Mallard,^ we have been able to procure 
specimens of the meteorite and study the carbon which it contains. 
We have not published the results and we call attention to the 
interesting communication of Friedel' on this subject. This in- 
vestigation has shown the existence of black diamond in the 
meteorite of Canon Diablo, Among the different samples which 
were analyzed, there was a striking one, weighing but 4.216 grams, 

1 Mallmrd: "Sur le fer nalif de Canon Diablo." Ci-m/f. «nif,, 114. 811, April 4, iSça, 
> Friedel : " Sut rul^mcc du diamant dam le fer mfttorique de Canon Diablo," 
Comfit, rout,, iig, 103T. December u, 1S91. 
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which showed a very hard portion on which the diamond steel was 
without action. On closely examining this specimen, it was seen 
that the fragment that scratched the steel was surrounded by a 
black border which was formed of carbon and carbide of iron 
(Fig. 22). 




Fig, Ji. Meleorili from Canon Diablo, miignified 3 

This Specimen was treated with boiling hydrochloric acid until 
the iron was removed ; a mixture was obtained which contained : 

1. A very light carbon in form of an impalpable powder which 
required twelve hours to sink in water and which perhaps arose 
from the decomposition of the carbide of iron, 

2. A carbon in very thin ribbons, chestnut-colored under the 
microscope, appearing jagged, and which seemed to have been 
strongly compressed. 

3. A dense carbon which appeared principally as rounded frag- 
m,ents, mixed with small particles of phosphide of iron and nickel, 
having a golden reflection.' This mixture was alternately treated 
with boiling sulphuric acid and hydrofluoric acid ; its density 
was then so high that part sank in methylene iodide. This last 
residue was treated eight times with potassium chlorate and nitric 
acid. The dark-colored fragments slowly disappeared, and at 
the same time a small quantity of iron passed into solution. 
Finally, there remained only two yellowish fragments, entirely 
identical, having a clear and greasy appearance, not possessing 
triangular impressions, and wrinkled and distorted on the surface; 
they resembled the distorted crystals of bort.' These two frag- 
ments sank in methylene iodide, easily scratched the ruby and 
burned in oxygen, leaving an ash which preserved the form of the 

1 This phoaphWe of iron and olckcl, according to Pricdsl, possenes «11 the cbatBCter" 
Mica of schreibcrsltc. 

' The iBpidsriea apply tlif name of bort to transparent diamonds which show an in- 
distinct cryalaUlcation and no cleavage and which are not cut by diamond diut on the 
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fragment. This ash had a yellow color and it was possible to 
detect the presence of iron in it. 

The larger diamond (Fig, 23) measured 0.7 mm. by 0.3 mm.: 
it had a yellow color, a rough surface and permitted light to pass 
through it. 




FiE. 1;. Transrareiit diamond frnm Canon Diablo. 

In the other specimen we found, beside the dense carbon 
mentioned, a mixture of the phosphide and the sulphides of iron 
and nickel, appearing as a dendritic, crystalline substance, which 
had a gray color, duller than platinum, and which did not dis- 
solve on treatment with hydrofluoric acid and aqua regia. We 
also found some fragments of black diamond having roughened 
or bright surfaces, a density of about 3 and which burned in 
oxygen at loco". These black diamonds should not be con- 
founded with some black particles of magnetic oxide of iron which 
do not bum in» oxygen and are not attacked by sulphuric acid,* 
as is the case with the oxide FejO, when it is formed at a high 
temperature. It is curious to notice what little homogeneity this 
Canon Diablo meteorite possesses. We took, for example, two 
samples of the same specimen i cm. apart ; on analysis, they 
gave the following results : 

No. I. No. 1. 

Iron 91.12 93-o6 

Nickel 3.07 5.07 

Silica 0.050 

Insoluble 1.47 0.06 

Magnesia traces . . . • 

Calcium none • • ■ - 

Phosphorus o.v> 

Sulphur none 

I In order to effcd the loliition ollhe imall pirticleiof the atablc magnetic oxide, it 
ma nec«»Br)- to make Iwo aucccssiTc fusioni. of fifteen minute* each, with todinm tiiral- 
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The two samples contained carbon in varying quantities, but no 
sulphur. 

Another meteorite of the same kind which contained no trace 
of carbon showed, in specimens taken several centimeters apart, 
the following composition : 

No. I. No. 2. * 

Iron 9^-09 92.08 

Nickel i.oS 7.05 

Silica 0.05 .... 

Insoluble none .... 

Magnesia none .... 

Calcium none .... 

Phosphorus not determined .... 

Sulphur 0.45 .... 

A third sample of 20.200 grams gave three particles of black 
diamond, but no transparent diamond. The piece of the meteorite 
of Canon Diablo which I studied contained the transparent dia- 
mond, the black diamond and a brown carbon of less densitv. 
Also in certain samples I was able to recognize the presence of 
graphite in the form of small masses having a greasy appearance. 
This graphite was transformed into graphitic oxide which could 
be recognized with the microscope and which burned on raising 
the temperature. The transparent diamond, therefore, can be found 
in other planets than the earth if the iron of Canon Diablo is a 
meteorite ; in this specimen it is found in the midst of the metallic 
mass. 

Iron from Novy-Urej, Krasnoslobodsk Government of Penza, 
Russia {fell August 23, 1886). — Small specimen, dark in color, 
under the microscope showed some bronze- colored points; it 
weighed 0.410 gram. This meteorite is carbonaceous but not 
holosidereal. It is known that this is the first meteorite in which 
Jerofeieff and Latchinoflf discovered the existence of the black 
diamond. The treatment with dilute hydrochloric acid was some- 
what slow, and subsequently it was found, on examining the 
residue under the microscope, that the meteorite is rich in silicious 
matter. On the first treatment with boiling sulphuric acid the 
material was disintegrated, and on fusing with potassium acid 
fluoride all of the silicious matter disappeared. With the micro- 
scope, small masses of a dark color could be seen. 
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After the treatment with potassium chlorate and nitric acid 
we did not find, either under the microscope or by burning, a 
trace of graphitic oxide. It must not be forgotten, however, that 
the sample that we studied weighed less than half a gram. 

After treating again with potassium acid fluoride, then with 
boiling sulphuric acid, we found under the microscope a dark- 
colored residue having the appearance of black diamond and 
being agglomerated into small, granular masses. All of these 
black grains burned in oxygen at 1000° and a small, transparent 
grain, which had resisted all of these treatments, was found in- 
tact after the combustion. These small particles of black diamond 
sank in methylene iodide. These experiments confirm those of 
Jerofeieff and Latchinoff. The iron of Novy-Urej contains the 
black diamond. 

TECHNIQUE 0]? THE INVESTIGATIONS. 

In undertaking the separation of a mixture of the diflFerent 
varieties of carbon with all of the bodies that inorganic chemistry 
can furnish, the solution of the question, at first sight, appears 
almost impossible. It is, however, easy to separate a fraction of 
a milligram of diamond from a kilo of other substances. We 
have given such an example in the study of the bluç ground of 
the Cape. 

Diamond and graphite are sufficiently refractory to the most 
of reagents so that repeated treatment with concentrated hydro- 
fluoric acid, then with boiling sulphuric acid, is powerful enough 
to remove the most of the mineral substances. All of the silicates 
readily disappear. Fused or crystalline alumina and crystallized 
aluminum fluoride are attacked, disintegrated and dissolved. 
When such a compound as titanic acid is present it is well to 
treat with nitric acid, then with ammonia. The solid residue is 
always washed by décantation. When substances other than the 
diamond have been destroyed, or where they exist only in traces, 
the graphite is transformed into graphitic oxide and by this 
method of separation, which we owe to Berthelot, the diamond 
remains as the last residue. 

Berthelot mixes the diflFerent kinds of carbon with potassiiun 
chlorate and nitric acid into a thick paste and maintains the whole 
at 60° for five or six hours. This treatment, repeated six or 
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eight times, brings about the complete transformation of the 
graphite into graphitic oxide. This was then burned by heating 
to dull redness. The pyrographitrc add thus obtained was de- 
stroyed by treatment with nitric acid and potassium chlorate. 

As our intention in this work was not to study and compare 
the different graphitic oxides, we modified the analytical method 
of Berthelot in the following manner : All of the amorphous carbon 
was destroyed at the beginning by means of nitric acid or aqua 
regia; it was then washed with water (always by décantation), 
dried and the mixture, without being pulverized, was introduced 
into a small glass flask by means of a badger hair-brush. 

If there was only a small quantity of graphite, about 2 grams 
potassium chlorate were added. The whole was mixed in the 
flask and 8 or lo cc. of concentrated nitric acid were added. The 
8ask was allowed to remain on a water-bath at a temperature of 
60° to 80° for a day. It was then washed with boiling water, 
dried in an oven and the same proportions of chlorate and acid 
were again added to the flasks. The second treatment took place 
over night at a temperature of 5o°. This treatment was con- 
tinued until all of the graphite was converted into graphitic acid. 

By carefully destroying all of the amorphous carbon before 
the oxidation, we never had an explosion. By using a large excess 
of nitric acid, we had the advantage, when there was only a little 
graphite, of dissolving it or suspending it in gelatinous form in 
the liquid. The graphite in that case was removed by décantation. 
If, on the contrary, the quantity of graphite was large, it could 
be transformed into graphitic oxide, when it was destroyed either 
by burning or by prolonged treatment with boiling sulphuric acid. 
The rapidity of oxidation of any graphite varies with the con- 
centration of the nitric acid. In our first work we used the ordinary 
concentrated nitric acid and repeated the treatment many times. 
Later, we used concentrated nitric acid obtained by the de- 
composition of dried potassium nitrate with a large excess of 
sulphuric acid and which was exactly a monohydrate. Under 
these conditions, as we showed in our study of graphite, the opera- 
tion was much more rapid. In the more lengthy operations we 
avoided as much as possible changing the vessel. When the 
graphite was detroyed in the small fiask of which we have spoken, 
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in order to obtain the traces of diamond which it contained, it 
was completely filled with water, the mouth closed with the 
thumb and inverted into a dish containing water. By virtue of 
its density, the heavy powder rapidly collected on the bottom of 
the capsule. 

To examine this powder a narrow tube was used in form of a 
pipette; the upper end was closed with the finger and the point 
was placed near the particles on the bottom of the. dish. On 
raising the finger the atmospheric pressure projected the powder 
in the tube with the liquid and it could be subsequently deposited 
on a glass slide for examination under the microscope. Accord- 
ing to the manner in which it sinks in the liquid its high or low 
density is known. After the microscopic examination, the glass 
slide and the cover glass were washed into a dish with a jet of 
distilled water. This microscopic examination shows that in spite 
of all the precautions these residues always contain small frag- 
ments of glass from the vessels or the liquids. When the labora- 
tory contains a lamp for glass-blowing, powdered glass always 
remains in the atmosphere and can be found on the bottom of 
glassware or dishes. 

Small grains of silica, having a bright fracture or rounded 
surface, were also found in this residue ; to avoid this, care should 
be taken to crystallize in closed vessels the potassium chlorate 
used in the destruction of the graphite. For the same reason the 
vessels containing the acids ought not to be shaken, nor the liquid 
at the bottom of them used. 

This constant presence of glass and silica in the residue neces- 
sitated a final treatment with boiling hydrofluoric acid. To this 
end, the slight residue which remained in the dish was washed 
with a jet of water into a platinum capsule. The excess of the 
liquid was decanted and 50 per cent, hydrofluoric acid was poured 
on the wet particles. This acid was. prepared pure in the labor- 
atory by heating potassium acid fluoride in a platinum retort. 
The acid liquid was kept just a little below its boiling-point for 
two or three hours. It was then allowed to cool, and washed 
with water by décantation. Sometimes the residue increased and 
under the microscope there could be seen regularly formed crystals 
of fluorides insoluble in excess of acid. It was necessary to treat 
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with boiling sulphuric acid for several hours to destroy those com- 
pounds. After cooling, the acid was diluted with water and another 
treatment made with hydrofluoric acid. After washing with water 
the volume of the residue was considerably diminished. In these 
treatments, care was taken not to allow the slight residue to be- 
come completely dry, that is, not until the end of the operation, 
when it was dried on a platinum dish in the air-bath. The residue 
was then treated with methylene iodide having a density of 3.4, 
in which the diamond readily sank. 

It is necessary to leave these particles in contact for several 
hours with methylene iodide, shaking occasionally, the operation 
being performed in a small test-tube closed with a cork. We also 
made use of bromoform, having a density of 2.9, to separate the 
diflFerent varieties of carbon. When the fragments of carbon and 
diamond have been treated with chlorate frequently, they are not 
wet by water and other liquids. As soon as the surface of the 
powder is perfectly clean, they swim on the water by capillarity 
and frequently are thrown, only with difficulty, to the bottom 
of the glass which is filled with the liquid. It is well to spray the 
surface of the liquid with absolute alcohol. We frequently lost 
small diamonds by this phenomenon of capillarity. 

B. Solubility of Carbon in Some Simple Bodies at the Ordinary 

Pressure. 

In a preceding chapter we have shown that if carbon was pre- 
pared at low temperatures, that is to say, from + 20° to -\- 200°, 
it was always amorphous. As a result of this work, we endeav- 
ored to separate carbon from a solvent by simple change of tem- 
perature. The best solvent for carbon is fused iron, and it was 
with it that our first experiments were made. Beside this ele- 
ment, a number of other metals possess the same property. Few 
examples were known and the work had been done between too 
limited temperatures. The. use of the electric furnace has enabled 
us to extend the observations. Finally, we varied the nature of 
the solvent, hoping to obtain some differences in the property of 
carbon thus prepared. 

Silver. — Our first experiments with silver were made at 1000°. 
Pure silver, fused in a cover of sugar carbon, does not per- 
ceptibly dissolve carbon. The fusion, treated with nitric acid. 
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left a slight residue which was carefully studied under the 
microscope. When a Doulton crucible is used or when the cruci- 
ble of gas carbon contained silicates, we frequently found the 
crystal piles of silica, described by Marsden, and of which we 
have spoken at the beginning of this work. When the carbon 
crucible was treated with chlorine, or if the silver was fused 
under a layer of sodium chloride, on examining with the micro- 
scope there were found bright crystals, heavy refracting, insoluble 
in nitric acid and in water, and which could remain many hours 
in dilute ammonia without perceptibly dissolving. In polarized 
light they appeared isometric. They were small crystals of silver 
chloride which in turn were soluble in ammonia, and were im- 
mediately decomposed by boiling sulphuric acid. 

If silver is heated in the presence of sugar carbon, at the 
temperature of the forge, it dissolves a small quantity of carbon, 
and after treating with nitric acid, the residue when examined 
with the microscope shows amorphous carbon and graphite. If 
the crucible or the brasque lining contains silica, there are 
obtained small, yellow or transparent crystals, somewhat 
strong, of carbon silicide. This substance scratches the ruby, 
resists all the acids, including hydrofluoric, and has been scxne- 
times taken for the diamond ; its appearance, its action on polar- 
ized light, the incomplete combustion in oxygen at 700® and its 
being attacked by alkalies easily serves for its detection. In 
order to obtain a higher temperature we invented our first electric 
furnace of quicklime, which from other standpoints has rendered 
so much service.^ By means of this apparatus we have been able 
to heat a metal to 3500°. We have noted that at the boiling 
temperature silver dissolved a small quantity of carbon and that 
on cooling, it separated under the form of graphite.* After dis- 
solving the metal in nitric acid, then treating the residue as we 
have already indicated, we never obtained a residue visible with 
the microscope; all of the graphite, after transformation into 
graphitic oxide, was destroyed, and no powder remained which 
would sink in methylene iodide. This experiment was repeated, 
but the result was always the same. 

1 "Description d'un nouveau four électrique," Compt. rend., 115, iqjx, Dec., 1893, and 
Ann. chim. phys.^ 7* série, IV, 365. 

s At high temperatures, silicide of carbon readily forms in this metal. H. IColMan : 
" Sur la préparation du silidure de carbone cristallise,'* Compt. rtnd.^ 117, 49s. 



SOI.UBILITY OF CARBON IN SIMPI.E BODIES I07 

Iron. — When iron is saturated with carbon between iioo° and 
3500° there is obtained, on cooling, different results, depending 
on the temperature to which the mass has been heated and accord- 
ing to the rapidity of cooling. If it has not been heated to more 
than 1 100® or 1200°, there remains, after the first treatment with 
the acids, a mixture of amorphous carbon and small crystals of 
graphite. At 3500°, the main product is beautifully crystallized 
graphite. When the graphite is prepared at a high temperature, 
it reflects light as strongly as the mirror of the microscope, and 
at first sight, appears transparent. 

Between 1100° and 3500°, liquid iron acts as a solution which 
dissolves more and more carbon in proportion to the increase of 
temperature. This explains the formation of graphite in the 
strongly heated cast iron of the blast-furnace which, on passing 
from 1700° to 1100°, at which point it solidifies, gives an abundant 
crystallization of graphite. 

In many experiments on fused cast iron, either at the tempera- 
ture of the forge or at the temperature of the oxyhydrogen blow- 
pipe, or in the electric furnace, I always obtained graphite, the 
properties of which have already been given. 

Aluminum. — The solubility of carbon in aluminum can be 
readily demonstrated at the temperature of the electric furnace; 
it commences at the temperature of the forge. It is also 
possible to prepare a transparent aluminum carbide in yellow 
crystals leaving the formula AI4C3, which is slowly decomposed 
by water, giving pure methane gas. At the same time that this 
carbide is formed, the excess of aluminum, or the fused carbide, 
deposits beautiful crystals of graphite, but nothing else. 

Glucinum. — Glucinum carbide prepared by Lebeau, in the 
electric furnace, readily dissolves carbon at a high temperature. 
After treatment with dilute hydrochloric acid it gives graphite. 

Chromium. — ^We have had occasion to prepare in the electric 
furnace 20 kilos of this metal under various conditions. Fused 
chromium readily combines with carbon at a high tempera- 
ture and gives two carbides, Cr^C and CrgCg. By further elevation 
of the temperature these compounds dissolve large amounts of 
carbon, which subsequently deposits as graphite which crystallizes 
in small mirror-like leaves. 
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Manganese. — Manganese rapidly dissolves carbon at the tem- 
perature of the electric furnace. As this «letal is very volatile, 
it is possible to remove the excess of manganese as vapor and 
collect the crystallized graphite. After treatment with acids, then 
with the oxidizing mixture, this graphite leaves no residue. 

Nickel. — This metal in the electric furnace behaves like iron 
in the presence of carbon. It appears to dissolve a somewhat less 
quantity. 

Cobalt. — Cobalt also dissolves carbon which it deposits as 
graphite. 

Tungsten. — Tungsten, prepared in the electric furnace, by act- 
ing on a mixture of the oxide and carbon, in which the latter is 
not in excess, does not take up carbon and can be readily polished. 

In the first experiment a metal was obtained free from carbon. 
This experiment was made in a carbon crucible as tungfsten is 
difficultly fusible and in order that the metallic mass, which 
weighed about a kilo, would remain in the form of a sponge, 
touching the crucible only at points. This tungsten was very 
pure as shown by the spectroscope. 

If this metallic sponge is further heated by a powerful current, 
it fuses, then combines with the carbon of the crucible and forms 
a carbide, WjC, which dissolves so much carbon that it deposits 
it as graphite on cooling. 

Molybdenum. — In the electric furnace molybdenum dissolves 
more carbon than dees tungsten. It is, moreover, a littje more 
fusible and gives a carbide having the formula MogC. When 
the temperature falls, the carbon, which is in solution, separates 
as graphite. 

Uranium. — Uranium, which is more fusible than the two pre- 
ceding metals, approaches iron in the point of solubility of car- 
bon. On cooling, it produces considerable graphite. It should 
not be forgotten that uranium is somewhat volatile, and if heated 
long, a large quantity of the metal is lost. Uranium gives a 
definite and crystalline carbide, having the formula UrgC^. 

Zirconium. — Zirconium also dissolves carbon which it deposits 
as graphite which remains enclosed in the metal. This is due to 
its high melting-point. As soon as the arc is broken, the outside 
of the metal solidifies and the graphite cannot rise to the surface. 
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On treating zirconium carbide, ZrC, with acids it is found that 
the excess of carbon contained is only as graphite. 

Vanadium. — Vanadium deports itself like zirconium. It is 
difficultly fusible, and the carbon which was dissolved, crystallized, 
as graphitoidal leaves in the midst of the carbide, VC. 

Thorium. — The golden yellow, crystalline thorium carbide;. 
ThCg, can dissolve enough graphite so that, on solidifying, crys- 
tals of graphite separate out. It gives no other variety of 
carbon. 

Alkaline Earth Metals. — The carbides of the alkaline earths, 
CaCj, BaCj, SrCj, when kept in liquid condition in the electric 
furnace, dissolve carbon which separates as graphite. This is 
likewise true of the carbides of cerium, CeCj, lanthanum, LaCj, 
and yttrium, YtCj. 

Titanium. — ^Liquid titanium carbide in the electric furnace is a 
pasty body which readily climbs up the sides of the crucible. It 
does not show the great liquidity on fusion, that molybdenum, 
tungsten, or iron do. This element gives a definite carbide, TiC. 
By elevating the temperature sufficiently high, this substance can 
dissolve carbon, which subsequently separates as graphite, either 
on the surface, or in the interior of the titanium. 

Platinum. — At the moment when platinum commences to boil in 
the electric furnace, it dissolves carbon, which it throws out again 
below its point of solidification, as graphite. It is possible to 
thus obtain clearly defined and well-formed crystals. This graphite 
swells as we have shown before. Iridium, palladium, and rho- 
dium, give the same results. 

Silicon. — We prepared crystalline silicon as pure as possible by 
the method of Deville and fused it into globules the size of a 
hazel-nut at the temperature of the forge. In order that this ex- 
periment should succeed, it is necessary to avoid the action of 
nitrogen and enclose the crucible in a layer of titanic acid and car- 
bon. A small fragment of sodium can also be added to the silicon, 
which lowers the melting-point of the element and more easily 
forms large globules. Fused crystals of silicon were placed on the 
bottom of a small crucible of retort carbon and covered with 
powdered sugar carbon. After the first fusion, the globule was 



no THE ELECTRIC FURNACE 

heated again inside a covering of sugar carbon either in the wind- 
furnace or in the forge. 

After cooling, the globules were broken, and in their interior, 
graphite was found and small géodes coated with bright crystals. 
These crystals could be separated by dissolving the fusion of sili- 
con in a mixture of nitric and hydrofluoric acids. They frequently 
were several millimeters long, readily scratched the ruby, and had 
a density of 3.12. There is thus obtained carbon silicide which 
was first prepared in the amorphous state by Schutzenberger. On 
repeating this experiment in the electric furnace, the yield of 
carbon silicide was much greater and it was mixed with no other 
variety of carbon. 

In all of the previous work, the fused elements which dis- 
solved carbon were treated by an acid or an appropriate mixture of 
acids and the residue treated by the method described in the chap- 
ter, "Technique of the Investigations." 

The graphite was converted into graphitic oxide, then destroyed, 
and this treatment was pushed far enough so that all of the 
corundum, which was frequently found in these fusions, should en- 
tirely dissolve. 

After the complete series of operations there remained abso- 
lutely nothing in the field of the microscope. We never obtained 
black or transparent fragments which were not attacked, and 
which sank in methylene iodide, that might be taken for the 
diamond. The conclusion deduced from these experiments is the 
following: If the temperature at the ordinary pressure is suffi- 
ciently raised, a large number of elements or carbides can 
dissolve carbon and subsequently deposit it by simple lowering of 
the temperature. The carbon set free is always graphite. 

C. Action of a High Temperature on Diamond and on Different 

Varieties of Carbon 

After having established this constant formation of graphite in 
the difficultly fusible metals, it appeared desirable, before going 
farther, to determine the action of a high temperature on the 
different varieties of carbon. 

Diamond. — In a paper published in the Annales de Chimie et de 
Physique {y série, 20) in 1847, Jacquelin showed that diamond is 
transformed into graphite by heating in the electric arc. It is 
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easy to show this experiment in the lecture-room in the following 
manner: By means of a cluster of electric lights two vertical, 
cylindrical carbons, between which an arc of small intensity is 
made to play, are projected on a screen. One of the carbons is 
slightly hollowed and supports a rough or cut diamond of lOO 
milligrams to 200 milligrams, the image of which under these con- 
ditions is clearly shown on the screen. The carbons are then 
slowly brought together so that the arc plays on the side and 
slowly heats the diamond so that it does not fly to pieces at the 
banning of the experiment. As soon as the temperature is 
sufficiently high, the diamond becomes incandescent, and soon 
swells without fusing, becoming covered with black masses 
of graphite. On examination after the experiment, this graphite 
appears as hexagonal leaves which can be easily separated and 
which can be readily converted into graphitic oxide by the action 
of a mixture of potassium chlorate and nitric acid. 

This experiment can be arranged in another manner by placing, 
in the electric furnace previously described, the diamond enclosed 
in a small crucible of retort carbon. I have made this experiment 
with an arc of 300 amperes at 70 volts ; the crystal commences to 
crack into small fragments following the planes of cleavage. 
Finally, if the temperature is raised, each fragment swells and the 
transformation into graphite is complete. The irregular or hex- 
agonal leaves are readily separated and on oxidation give a beauti- 
ful, yellow-colored, graphitic oxide. Therefore, at the temperature 
of the arc, even if the arc is not strong,^ the stable form of carbon 
is graphite. 

In many experiments I had occasion to heat rough or cut 
diamonds, enclosed in a layer of carbon, to a temperature of about 
2000° by means of an oxyhydrogen blowpipe. Under these condi- 
tions, diamond is sometimes covered with a black, adherent layer 
which slowly disappears in the mixture of potassium chlorate and 
nitric acid, but I only obtained graphite. It is also worthy of note 
that on burning the Cape diamonds to obtain their ash for analysis, 
I always observed that at the moment of combustion, the diamond 

1 We bave been able to transform diamond into graphite in a small crucible forming 
the extremity of the positive electrode of an arc of 40 amperes at 30 volts. This arc was 
produced by a d3mamo run by a 4-horse-power gas motor. 
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was covered by a black coating. This was observed by Lavoisier 
and since verified by Berthelot. 

Sugar Carbon. — Sugar carbon, heated in a closed crucible, was 
completely converted into graphite and gave no other variety of 
carbon. The external appearance of the carbon remained the same 
and under the microscope we could detect no crystallization. 

Wood Charcoal. — Wood charcoal, heated under the same condi- 
tions, was converted into graphite without a trace of crystalliza- 
tion. Under the microscope, the fibers of the wood always pre- 
served their form. We have given the detail of these experiments 
in our study of graphite. 

Retort Carbon. — The conversion into graphite of the carbon of 
the electrodes of the electric furnace was shown for the first time 
by Fizeau and Foucault : Recherches sur ^intensité de la lumière 
émise par le charbon dans V expérience de Dcpi/y.^ 

In these experiments on the preparation of the artificial diamond, 
mentioned at the beginning of this work, Despretz remarked that 
his electrodes and small crucibles left a mark on paper and had 
taken on the appearance of graphite. Berthelot has shown that the 
crucibles of Despretz, which remained at the University of Paris, 
had really been transformed into graphite by oxidation of this 
variety of carbon with potassium chlorate and nitric acid. In our 
experiments with the electric furnace, we were able to verify this 
phenomenon. 

Lampblack. — Carefully dried lampblack was packed into a small 
carbon crucible and heated for ten minutes in the electric furnace 
with a current of looo amperes at 70 volts. After the experiment, 
the density of the carbon was 2.12. It was not attacked by nitric 
acid, and gave graphitic oxide by the mixture of potassium chlo- 
rate and nitric acid. After burning the residue, and after treatment 
with the oxidizing mixture, then with hydrofluoric acid, no residue 
remained. Thus, whatever the variety of carbon studied by a 
sufficient elevation of the temperature, the variety is always 
brought into the form of graphite. This graphite, as we have 
previously shown, can be more or less stable, amorphous or crystal- 
line, and can always be converted into graphitic oxide by the mix- 
ture of nitric acid and potassium chlorate. 

1 Ann. chim.phys., 3* série, a, 271 (1844). 
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The experiments were carried out at the temperature of the 
electric arc, that is to say, at a very high temperature. Certain 
compounds, iodine-containing bodies in particular, can effect this 
conversion of carbon into graphite at a lower temperature, as 
Berthelot has shown. But these are reactions like that of iodine 
or ordinary phosphorus, which cause a polymerization to be pro- 
duced without modifying the general character of the phenomena. 

From these experiments we conclude that graphite is a variety 
of carbon, stable at high temperature and at the ordinary pressure. 

Study of the Vapor of Carbon. — Before going further, it 
appeared necessary to investigate the vapor of strongly heated 
graphite. Hitherto the formation of the vapor of carbon has been 
determined in the electric furnace either by means of the spectro- 
scope, or by the synthesis of acetylene by Berthelot. It is possible 
to show the existence of this vaporization outside of the arc in the 
following manner : If a carbon tube, 2 cm. in diameter, is placed in 
an electric furnace of lime, heated with an arc of 2000 amperes at 
80 volts, the interior of the tube becomes rapidly filled with a light 
black coating produced by the condensation of the vapor of carbon. 
It is possible to render this vapor visible by placing crystalline 
silicon in a boat in the center of the heated carbon tube. The 
silicon is seen to melt, then begin to boil and the vapor rising, little 
by little, meets the vapor of carbon which descends from the top of 
the tube under the action of the heat of the arc. Between the boat 
and the tube is formed a network of fine needles of carbon silicide. 
This crystalline and transparent compound is formed by the direct 
union of the two vapors. 

At the high temperature produced in the electric furnace, it is 
possible to vaporize carbon outside of the arc. We thought it 
would be interesting to investigate how this vapor is produced. 
In general, a body passes from the solid to the liquid state, then, 
after a sufficient elevation of the temperature, it passes into the 
gaseous condition. Does carbon act in a similar manner or is it an 
exception to the general rule ? The following experiments should 
answer the question. 

In the electric furnace, heated by an arc of 1200 amperes at 80 
volts, we placed a small crucible of pure carbon in which a heavy 
cover was pressed deeply. This crucible was placed on a disk of 
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carbon supported by a layer of pressed magnesia and was heated 
for ten minutes. The heat was sufficiently intense to volatilize 
several hundred grams of lime and magnesia. On cooling, the 
cover which was resting in place did not adhere to the crucible; 
the entire mass was converted into graphite but the two surfaces 
were not united. When a boat of carbon was placed in a tube of 
the same material and the tube heated either above or below by 
means of a powerful arc or by a number of arcs, the boat was never 
fused into the tube. 

By the action of an arc of 1000 amperes at 80 volts in our elec- 
tric furnace for tubes, it frequently happened that the upper part 
of the tube, which was more exposed to the heat of the arc, became 
perforated, while on cooling the edges of the opening showed no 
traces of fusion.^ 

With an arc of 1000 amperes at 70 volts, we heated sugar carbon 
in a closed crucible. The sugar carbon retained its form and still 
showed the pores through which the hydrocarbons were evolved 
during preparation. It was completely transformed into graphite, 
but the pulverulent mass examined with the low power of the 
microscope showed no sign of fusion. 

On heating, under similar conditions, graphite, wood charcoal, 
or retort carbon purified by chlorine, at the end of the experiment 
not only was graphite found, but each variety of carbon preserved 
its form and showed no sign of fusion or sintering. On examining 
the electrodes which were of as pure carbon as possible, and which 
were used in these experiments, it was observed that the points 
were rounded and completely converted into graphite, but they 
showed no trace of fused material. With a current of 2200 am- 
peres at 70 volts, the transformation of electrodes of 0.05 meter 
in diameter extended for a length of 15 cm. 

Analysis of the graphite taken from the ends of the electrodes 
showed : 

1 Thanks to the kindness of Meyer, director of the Edison Society, we were able, dur- 
the summer of 1894, to pursue these experiments on the volatilization of carbon, by meant 
of a 300-horse-power dynamo. Under these conditions we had, in our electric furnace, an 
arc of about 3200 amperes, at 70 to 80 volts, the energy used in the electric furnace being 
200 horse-power. There was thus obtained an intense heat, and in the cavity of the fur- 
nace, the farthest points of the arc were exactly at the temperature of the volatilization of 
lime. The cavity of the furnace enlarged more and more according to the length of the 
experiment. 
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Carbon 99.63 

Hydrogen 0.03 

Ash 0.39 

Before the experiment, the quantity of ash was about i per cent. 
Since all of the mineral matter was more volatile than the carbon, 
the electrode was slowly purified by volatilization. 

The end of the positive electrode was formed of a cylinder of 
carbon fitted tightly, and, after the experiment, this cylinder which 
was in the hottest part of the arc was distorted but was not fused 
to the electrode. It is well to mention that this was even more the 
case if the carbon used contained, as impurities, metallic oxides, 
as silicon, or boric acid. 

We have already shown that boric acid in this case gives a 
definite crystalline boride of carbon, having the formula BqC. This 
boride of carbon can unite with an excess of carbon and form a 
body having a fused appearance, and more or less rounded. These 
rounded bodies were sometimes very hard but were not formed of 
pure carbon. A very small quantity of metallic impurities can 
give fused or crystalline carbides, many of which I have de- 
scribed. It is thus necessary in these experiments, to use as pure 
carbon as possible. 

According to these experiments, carbon passes from a solid to 
a gaseous state without becoming liquid. It remained to study 
the variety of carbon produced by the condensation of this vapor. 
We collected the vapor of carbon in three different ways : 

1. By Distillation, — Carbon vapor, condensed in a tube of car- 
bon, such as we have previously described, gives a black deposit 
entirely formed of graphite. 

2. By Condensation on a Cold Body, — When we placed a cop- 
per tube, through which a current of cold water^ passes, in our 
electric furnace, we collected on its surface a black deposit, which 
was treated in the cold with dilute hydrochloric acid to remove the 
lime and calcium carbide. This deposit contained small globules 
of silica and other impurities, but was composed mainly of an im- 
palpable powder, which swam on water, had a gray color under 

^ H. Moissan : ** l^ude de quelques phénomènes nouveaux de fusion et de volatilisa- 
tion produits an moyen de la chaleur de l'arc électrique," Compt. rend., 116, 1429, June la. 

1893. 
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the microscope, and which possessed all of the characteristics of 
amorphous graphite.^ 

J. By Condensation of a Cold Surface. — When the electric arc 
is allowed to play in a lime, furnace, in order to avoid the carbon 
dioxide which transforms the vapor of carbon into carbon monox- 
ide, there is formed, especially on the negative pole, a spongy form 
of carbon which appears from the vaporization of carbon in the 
arc itself. When the electric furnace of lime has been in operation 
for fifteen to twenty minutes, it is frequently observed that this 
spongy form of carbon is deposited on the two poles. In some ex- 
periments where a current of a cold, inert gas was passed through 
the furnace, we found filaments of carbon uniting the two poles 
following the rapid fall of potential. 

This carbon, whose surface was more or less rounded, when 
examined under the microscope, showed no fused appearance. Its 
density was 2.10. On analysis, it gave 99.61 to 99.90 per cent. 
of carbon and contained only a very small quantity of ash. 

Its quantitative analysis was : 

Carbon 99*6i 99*84 99* 9^ 

Hydrogen 0.018 0.03 0.031 

Ash o.o?3 0.018 0.017 

It was, consequently, pure carbon produced by distillation. It 
showed all of the characteristics of graphite and only burned in 
oxygen at a high temperature, and could be burned only in a porce- 
lain tube. Deslandres has studied the spectra given by this carbon 
and has found that it contains fewer lines than the corresponding 
spectra published by Liveing and Dewar, Hartley and Adeney, 
Eder and Valenta.^ Without exception, all of these condensations 
of carbon vapor gave graphite. 

When these experiments were conducted, we thought of verify- 
ing them by a small and simple piece of apparatus — the incandes- 
cent lamp. To-day every one knows the construction of this piece 
of apparatus. A carbon filament is united by means of an electro- 
lytic copper deposit to the ends of two small platinum wires. This 

1 If the material which is condensed on the under part of the copper tube is coUected^ 
that is on the side toward the electric arc, small crystals of graphite are found which 
come from the liquid drops of calcium carbide thrown on all sides in the lengthy experi- 
ment. 

* Deslandres : ** Etude spetrale des charbons du four électrique," Compt. rend,^ lao, 
25, June 10, 1895. 
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filament is enclosed in a glass bulb, which has been exhausted by 
means of a mercury pump. According to the time of use of vary- 
ing between 500 and 900 hours, a light veil is formed on the glass. 
This deposit increases and frequently renders the lamp useless. 
On the other hand, under the action of too strong a current, the 
filament bums at a point and quickly gives the same deposit, which 
is uniformly formed on the interior of the bulb. A trace of silica 
or a calcium salt accidentally deposited on the carbon filament can 
give carbon silicide or fusible and volatile calcium carbide, which 
causes a shrinking in diameter of the filament. At this point the 
resistance increases, and the current raises the temperature ; from 
that time, the carbon is volatilized and the filament soon breaks. 

If the black deposit which is found inside the glass bulb is col- 
lected in a vessel filled with water, on examining with the micro- 
scope, there are observed small crystals of carbon silicide having 
the characteristic form, these crystal masses resembling the 
silica obtained by Marsden in fused silver and small, more 
or less united aggregates of black color. This deposit with 
a high power does not show a trace of crystallization. In our ex- 
periment a small particle swam on the liquid, which under the 
microscope showed brown color. The contents of the lamp were 
treated with a mixture of nitric acid and potassium chlorate, but 
the black material was not immediately destroyed. This mixture 
was maintained for twelve hours at a temperature of 60° ; after 
washing and decanting, the light residue obtained was examined 
with the microscope, and showed distinct crystals and small par- 
ticles of graphitic oxide. The cover glass was raised, the liquid 
evaporated and the residue on the same glass slide heated to dull 
redness. 

Another microscopic examination was made and showed that all 
of the crystals and yellow or green particles had burned, and were 
replaced by a black, flocculent deposit much more voluminous. 
This deposit disappeared in turn by burning at a low red heat in 
air. We conclude from this experiment that the yeil formed on 
the incandescent lamps is composed mainly of graphite.^ 

If, on the other hand, a microscopic examination is made of the 
ends of filament which are broken in the incandescent lamp, it is 

1 The small particle which swam on the liquid was also graphite, which after buming^ 
left a pyrographitic oxide which bume i easily. 
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seen that the points of the filaments show no fusion and the ends 
bristle with small crystals of graphite.^ From these experiments 
we can conclude that in vacuum, as well as at the ordinary pres- 
sure, carbon passes from the solid to the gaseous state without 
taking on the liquid form. From this point of view it can be 
compared with arsenic. When gaseous carbon resiunes the solid 
condition it always gives graphite. 

D. Experiments under Pressure 

The preceding experiments on the vaporization of carbon, the 
work on the action of a high temperature on the different varieties 
of carbon, as well as the constant formation of graphite in fused 
metals, gave a new direction to our researches. 

The geological studies made on the different rocks in which 
crystalline carbon is found, establish indisputably that the 
diamond is not a vein mineral.^ No crystal has been found on a 
rock which serves as its support. Sometimes diamonds are found 
in alluvial sands, sometimes in soft conglomerates, or in a serpen- 
tine breccia. Moreover, I never found in the mines of the Cape 
two broken pieces of the same fragment lying side by side. The 
mass which contains- the mines has been thrown out from below 
and formed together. 

The diamond preexisted in this serpentine breccia, since, on 
the contrary, it would be necessary to assume that the 80 mineral 
species, found disseminated in this rock, were formed under 
same conditions. Is it possible that calcite, the zeolites, topaz, 
garnet, zircon, and titaniferous iron can be formed in the same 
substance and under similar conditions ? The diamond must then 
come from the deeper layers of the earth where it must originate, 
where pressure plays a part in its formation. Moreover, it seems 
to us that proofs are plenty to establish the importance of pres- 
sure in the production of the diamond. The depths of the mines 
that to-day are more than 500 meters is a fact which seems to 
support this theory. 

Moule has shown that granite is found in the vertical shafts 
of the Cape. Now, granite is a rock which, according to the 

1 The graphite forming the filament is more difficultly converted into grtiphitic oxide 
than the dex>osit in the interior of the lam^. 

* Numerous works treat on thisquesti^a, b«t I would like to call attention to the work 
of Boutan having the title of ** I«« DiaiuanI" » the ** Encyclopédie Chimique" by Prémcy. 
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views of all geologists, was formed under pressure. It, then, like 
the diamond, came from great depths. Certain diamonds show 
striations that, according to Daubree, can only be attributed to 
the rubbing of one on the other in coming from the lower to the 
upper strata. 

It sometimes happens that the diamonds taken from the blue 
ground of the Cape are frequently cleaved or cracked open. Can- 
not this phenomenon be considered as indicating an unstable 
physical state due to a strong pressure which has acted at the 
time of formation of the diamond ? None of the diamonds in all 
that I found show clearly a point attached to any rock whatever. 
It appears as though the diamond had formed in a liquid or pasty 
mass ; consequently it is necessary to know the solvent which has 
been used. 

* 

According to the known properties of carbon and according to 
the experiments described in this work, it is mainly the metals 
which dissolve carbon, and best of all, iron. When it is remem- 
bered that the blue ground of the Cape contains, as I have shown, 
perfectly crystallized graphite, and that well-crystallized graphite 
is formed most readily in fused metals and not by volatilization, 
there is introduced the crystallization of carbon in fused iron 
under pressure. 

I would add that the study of the ash of the diamond, in which 
iron is always found, leads to the same conclusion. It can be 
said that this metal is found widely disseminated in nature; but 
the quantities which are found in certain borts and in some black 
diamonds appear too large to be due to a distribution compared 
to that of manganese and boric acid. From this point of view it 
is somewhat remarkable that among all the minerals which are 
found in a cubic meter of the blue ground, the most abundant by 
far is titaniferous iron, as Stanislas Meunier has shown. 

Finally, a last proof was afforded by the iron of Canon Diablo, 
where, in a metallic mass surrounded by amorphous carbon in 
clearly compressed layers, two small transparent diamonds having 
a rough and wrinkled surface were found. Here nature seems 
to have beçn caught in the act. This carbon must have crystallized 
under the action of a strong pressure; the iron was in a liquid 
state and owing to the rapid cooling, due to some cause, there was 
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a violent contraction of the mass and the carbon passed from a 
density of 2 to 3.5, giving the diamond. 

Such are the ideas, true or false, which brought about the 
change in the direction of my investigations on the diamond and 
caused the intervention of pressure. I do not know if this 
theory will stand the tests of my successors, but it is to it that I 
owe the experiments which I will describe and what have brought 
about the preparation of the artificial diamond in microscopic 
crystals. 

Detail of the Experiments. — In order to make the experi- 
ments, I utilized the pressure produced by the increase of volume 
which a fused mass undergoes at the moment of passin(ç fsûtn a 
liquid to a solid state. It is known that solid cast iron has a less 
density than liquid. It is a fact known in industry that pig 
iron floats on the surface of a bath of the fused metal. 

Cast iron, like water, increases in volume at the moment of 
solidification. We began these studies by heating in an oxyhydro- 
gen blowpipe, a small quantity of iron in a carbon crucible, then 
immersing the whole in cold water. 

Since the first experiments gave only doubtful results, we 
thought it was necessary to saturate the iron with carbon at a 
higher temperature. To obtain this result we used the electric 
furnace. At the high temperature, furnished by this apparatus, 
iron dissolves a large quantity of carfcon, which is subsequently 
deposited as graphite when the iron again solidifies. This experi- 
ment was carried out in the following manner : 200 grams of soft 
Swedish iron cut into cylinders, i cm. to 2 cm. in leng^th and 
about I cm. in diameter, were placed in a carbon crucible and 
completely covered with sugar carbon. Since, at the beginning of 
this work, we gave the arrangement of the electric furnace, it 
is not at present repeated. It was heated from three to six 
minutes with a current of 35 amperes at 60 volts. The cover of 
the furnace was raised by the hand wrapped with a cloth, the 
edge of the crucible was grasped with a pair of iron tongs, 
and was plunged into a vessel filled with cold water. The crucible 
and contents remained at red heat for several minutes, with evolu- 
tion of bubbles of gas which burst at the surface without taking 
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fire. The temperature fell rapidly, the light faded and the expt-ri- 

ment was ended {Fig. 24). 




It was not without great care that we made this experiment 
the first time, for I wondered if there would not be an explosion 
when a crucible of molten iron, having a temperature of 3000°, 
was introduced into water. The experiment is actually without 
danger due to the great heat. We were able to prepare 250 to 
300 ingots of iron by sudden cooling and we never had an accident. 
With other metals, bismuth in particular, this was not always 
the case. 

The metallic ingot was treated with boiling hydrochloric acid 
until no iron remained. There then remained three kinds of 
carbon : A small quantity of graphite when the cooling was rapid ; 
a brown colored carbon in very thin, distorted layers apparently 
having been submitted to strong pressure (we found the same 
variety in the specimens of iron from Canon Diablo) ; finally, a 
very small quantity of a somewhat denser carbon was formed, 
which we endeavored to separate. 
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It was repeatedly treated with aqua reg^ia, then alternately 
with boiling sulphuric and hydrofluoric acids. The residue was 
introduced into sulphuric acid and heated to 200**, while small 
quantities of powdered potassium nitrate were added. All of the 
amorphous carbon was destroyed. The heavier portion, examined 
with the microscope, contained only very little graphite and the 
different varieties of carbon. It was treated six or ei^ht times 
with potassium chlorate and fuming nitric acid which we prepared 
as free from water as possible. After a final treatment with 
"boiling hydrofluoric acid, then after décantation with boiling 
sulphuric acid, to destroy the fluorides formed, it was washed, 
the residue dried and the heavier particles separated by means of 
bromoform. 

After the first separation with bromoform, the small residue 
that sank to the bottom of the liquid was washed with ether and 
introduced into a small tube containing methylene iodide. Some 
small, transparent particles sank to the bottom, and black frag- 
ments swam on the surface. Both were collected and separately 
introduced into a conical wine-glass with a large excess of dis- 
tilled water. 

It was taken up with a pipette (see technique of the investiga- 
tions), brought on a glass slide, covered with a slip and examined 
with the microscope. The opaque particles had a rough appear- 
ance, a gray-black color, similar to the specimens of black 
diamond. Their density varied between 3 and 3.5, since some 
sank in methylene iodide and others in bromoform. Some had a 
less roughened surface and a deeper black; one showed curved 



• 



Pig. 35. Synthetic black diamonds, magnified loo diameters. 

edges. Others had well-terminated angles (Fig. 25) and which 
at first sight appeared to be cubical. 

In order to ascertain if these fragments scratched corundum, 
a ruby having a polished face was fastened with a little Golaz 
cement to a piece of thick looking-glass. With a fine point of 
hard wood, moistened with water, the small, black fragments were 
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touched, then rubbed strongly on the surface of the ruby. Care 
was previously taken to see with a low power of the microscope 
that this surface was well polished. The point of wood was drawn 
across the ruby perpendicular to the striations of polishing. On 
again observing with the microscope, if the particles dragged 
along by the pieces of wood were sufficiently hard, lines were seen 
more or less deep on the horizontal surface of the ruby. After 
each trial the surface of the ruby was freshly polished. This 
proceeding enabled us to determine the hardness of the finest pow- 
ders, (By making the surface of the ruby reflecting, the slightest 
striation could be found.) The black powder, of which we have 
spoken, readily scratched the ruby. 

It remained to burn it in oxygen. We made a small platinum 
boat with a hollow cover in which were stamped four small cups 
and which was high!\ polished (Fig 2fi) The small black frag- 



ments were taken frcm the wine-glass filled with water, at whose 
bottom they were deposited by means of a pipette formed out of 
a thin tube. Then, on placing the point of the pipette in the cup, 
tlie fragments sank, due to their density, and rested with some 
water on the surface of the platinum. The boat was placed in an 
air-bath to evaporate the water. The small cup which contained 
the black fragments were placed under the microscope and the 
outlines were drawn by means of a camera lucida. The boat wa» 
placed in a small platinum apparatus (Fig. 27) constructed of a 
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tube closed by a piece joined on and closely fitting, while a current 
of oxygen was passed through it. The apparatus was heated in 
the central portion, which contained the boat, by a blast-lamp 
whose temperature was about 1200°. The tube was heated twenty 
to thirty minutes, allowed to cool, again placed in the field of the 
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microscope in the same manner as before. The contents of the 
platinum cup were drawn by means of the camera lucida, which 
was easy to do, as the bright bottom formed a mirror. On com- 
paring the two drawings it could be determined if the particles 
had disappeared and if in their place an ash remained. 

The platinum tube of which we have spoken could be replaced 
by a tube of Berlin forcelain, 0.30 meter long and to which glass 
outlet tubes were attached by Golaz cement. At the end of the 
apparatus a small apparatus containing baryta water was placed 
and this immediately became turbid from the carbonic acid. A 
similar apparatus was placed in front of the combustion tube and 
was separated from the latter by a tube of fused potash to show 
if the oxygen prepared by us contained a similar quantity of 
«arbon dioxide. A trace of carbon could be readily detected by 
this proceeding as I assured myself by preliminary experiments. 

The black diamonds, having a density of 3 to 3,5 obtained froin 
our iron fusions, burned in oxygen and gave carbon dioxide, leav- 
ing a very light residue of yellow ash, at the place it occupied 
in the Httle platinum cup. The transparent fragments had an 
oily appearance, they allowed light to pass through and possessed 
some parallel striations and sometimes triangular impressions. 
These fragments were frequently surrounded by a cover of black 
<:arbon ; this was discovered on treating with potassium chlorate, 
which was frequently repeated ten times. 




Fii. s8, Magoififd 100 diameters. 

Some of these diamonds had a rounded surface (Fig. 28, B) ; 
others appeared broken into small pieces (Fig. 28, A). One of 
the fragments. A, was colored light yellow as was also the cube B 
in Fig. 29. Others appeared in the form of cubes (Fig. 29, B) or 
possessed an irregular form (Fig. 29, A and C). The density of 
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all was about 3.5, since they sank in methylene iodide; they 
scratched the ruby and burned in oxygen, leaving no ash, or only 
a little light yellow ash, and formed carbon dioxide. 



Q 





Pig. 39 Synthetic transparent diamonds. 

Since the product of the first experiment was so small, we were 
able to collect only a few milligrams of the transparent crystals 
which were necessary in order to weigh the carbon dioxide formed 
in the combustion; moreover, some of the fusions gave nothing 
as the pressure was not great enough. Sometimes it happened 
that the metallic crust, formed by the sudden cooling, was broken 
and the still liquid metallic interior was thrown to the surface. 
On the other hand, the gases evolved formed géodes in the metal 
and prevented the pressure being regular. In these cases, which 
frequently occurred after the treatments with- potassium chlorate 
and hydrofluoric acid, nothing remained when examined under the 
microscope. 

In order that the preparation should better succeed, we endeav- 
ored to enclose a fusion in soft iron. The experiment was con- 
ducted as follows : 

Sugar carbon was strongly compressed in a soft iron cylinder 
closed by a screw stopper of the same metal (Fig. 30). This 




Fig. 30. 

cylinder was 0.04 meter high and 0.07 meter internal diameter. 
Its thickness was 8 to 10 mm. From 50 to 200 grams of soft 
iron were melted in the electric furnace, an operation which takes 
only a few minutes ; then the cylinder containing the carbon was 
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quickly introduced into the liquid bath. The crucible was imme- 
diately removed from the furnace and plunged into a pail of water» 
A rapid formation of a layer of solid iron was obtained, and when 
the crust was at dull redness it was removed and the cooling 
completed in air. 

When the fusion thus formed was broken, a layer of cast ircra 
was found on the outside, then metal less carbonized, and in the 
center, a portion rich in carbon, in which were found small 
diamonds. The quantity of black diamond formed appeared 
greater than in the preceding method. The yield was a little 
greater, though always very small. A large number of the fusions 
were of no value on account of the breaking of the external layer 
or on account of the formation of géodes. The subsequent treat- 
ment of the fusions was made according to the methods previously 
described. 

We obtained black diamonds (Fig. 31) and as well transparent 





Pig. 31. Black diamonds from the cylinder, magnified 80 diameters. 

diamonds. One of the transparent diamonds (Pig. 32) measured 
0.38 mm. or about 0.4 mm. in its longest direction. Its appear- 
ance was characteristic; it sank in methylene iodide, and disap- 
peared by burning in the small platinum boat at 900** with the 
formation of carbon dioxide. On carefully withdrawing the boat 
from the tube in which the combustion was made, in the place of 
the small fragment, there was found a trace of ash, scarcely 
visible under the microscope, which preserved the original shape 
and which had a yellow-gray color. 





Pig. 31. Transparent diamond from Pig. 33. Magnified 100 

the cylinder. diametenk 
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A beautiful, clear and well-crystallized diamond (Fig, 33) 
made in another experiment burned in oxygen without leaving any 
ash. In general, when the iron used in these experiments was free 
from silicon and when the crucible did not contain aluminum, the 
"black or transparent particles left no ash when burned in oxygen. 

Experiments in Iron Filings. — It appeared to us that the rapid- 
ity of the cooling had an important influence on the formation of 
crystalline carbon. On cooling the crucible in water, the heating 
completely prevented contact between the red-hot iron and the 
liquid. At the beginning, the cooling was mainly by radiation. 
In order to more quickly lower the temperature we attempted to 
cool the liquid fusion by conduction. To this end, 200 grams of 
iron, saturated with carbon in the electric furnace, were poured 
in a cavity made in the center of a mass of iron filings and then 
completely covered with the filings. The fusion was surrounded by 
fused iron and the whole rapidly cooled, due to the conductivity 
of the filings. After action of the acids, the treatment with potas- 
sium chlorate and nitric acid, and the action of hydrofluoric acid, 
then with boiling sulphuric acid, there remained small diamonds 
having a rounded form and rarely showing a crystalline appear- 
ance and almost always enclosing small black points which are 
called spotted diamonds in jewelry.' 

These spotted diamonds had a density of 3.5, scratched the 
ruby and burned readily in oxygen, giving carbon dioxide. In 

1 In Brazil, as well as at ths Cape, natural, Iranspsrent diamonds are found which 
«mlBin inclusions, Thtae IncluBione are of difterfnt liinds but ihe most numereus are 
lilBdc and, when abundant, ^ve the variety of CTyctalline carbon having a grcaay appear- 
■Dce. which is known under the name of Hack diamond. 
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this experiment the pressure appears to have been less and the 
conversion of carbon into diamond less complete ; the yield, more- 
over, is always very small. The experiment of cooling in iron 
filings was repeated a large number of times (about forty times). 
When the fusion had been regularly formed and when it contained 
no cavities, the result was always the same. The form of the 
spots was variable, sometimes forming small, black spots distrib- 
uted by chance, sometimes forming local regions (Fig. 34). 





Pig. 34. Black dotted diamonds magnified 80 diameters. 

We regard this formation of diamonds with spots as very im- 
portant, since it gives results similar to those found in nature. 
Moreover, from their peculiar appearance, it was possible to recog- 
nize at once that the fragments were diamonds. In fact, it 
sometimes occurred that small, transparent grains were obtained 
whose density was greater than methylene iodide and which re- 
sisted all of the treatments with the acids and potassium chlorate, 
and which were not formed of carbon. These particles never 
showed definite angles, striations, or triangular impressions ; they 
were rounded and did not burn in oxygen. After combustion 
they were found in the platinum cups, their form was not changed, 
frequently their surface was only slightly corroded. This sub- 
stance was formed especially with irons rich in silicon, or when the 
electrode contained a considerable quantity of silica or alumina; 
we accordingly returned to the quantitative analysis of the syn- 
thetic diamond: 

Experiments Made in Melted Lead. — The formation of 
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diamonds with spots brought about the investigation of more rapid 
-cooling by conduction. We thought of cooling the liquid iron 
which was saturated with carbon, by plunging it into a bath of 
melted tin. The experiment did not give good results because the 
strongly heated iron readily united with the tin ; in the middle of 
the liquid there were formed long filaments of an alloy of iron and 
tin, so that we had no coherent mass. 

Moreover, when we plunged the crucible, filled with iron at 
3000**, into the bath of melted tin, kept at its melting-point, the 
combination of the iron and the tin evolved heat, and the entire 
mass was raised to a temperature too high for our experiment to 
succeed. 

Since tin gave only negative results, it was replaced by melted 
lead, kept as near as possible to its melting-point ; that is to say, 
about 325°. The crucible containing the fusion was rapidly in- 
troduced to the bottom of a lead-bath about o.io meter deep. The 
fused mass being lighter than the melted lead, it detached from 
the crucible in masses which tended to assume the form of spheres 
and which rose through the liquid lead. When iron is saturated 
with carbon in the electric furnace it is so pasty that it is possible 
to invert the crucible without anything flowing out. As soon as 
the temperature falls the metal again becomes liquid, and at the 
same time graphite separates. The smallest spheres, those 
only o.oi meter to 0.02 meter in diameter, were solid and suffi- 
ciently cooled on arriving at the surface of the bath. On the other 
hand, when it reached the upper portion of the lead, while still 
liquid, the lead burned in the air with evolution of copious fumes 
of litharge, and sometimes projection of the oxide or incandescent 
metal. A little later all of the metallic globules which floated on 
the melted lead were removed, and the lead with which they were 
covered was removed by nitric acid. They were then submitted to 
the treatment previously given for the other metallic fusions. 

Under these conditions, the yield which, on the whole, was 
always very small, was a little better. What surorised us at first 
was the clearness of the transparent diamonds thus obtained ; we 
obtained none of the diamonds with spots, and the surface of some 
showed distinct crystallization. We found many parallel stria- 
tions and small impressions of cubes similar to those which are 
sometimes found on natural diamonds. 
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One of these transparent diamonds (Fig. 35) whose diameter 




Pig. 35. Diamond by cooling in lead. 

attained 0.57 mm., showed the form of a triangle with rounded 
angles. It was perfectly clear; on one place, on the right, it 
showed a small cavity, and its surface was covered with impres- 
sions having the appearance of small cubes. Three months after 
its preparation, this diamond, which was preserved between two 
plates of glass, cleaved into two different parts. For some time 
we could observe the increase of these small cracks and at the end 
of three weeks the diamond was found to be broken in many parts. 
This accident was also produced on another specimen which was 
found to be broken into small parts, having been preserved be- 
tween glass plates. 

This formation of diamonds which break several months after 
their preparation seems significant. It is known that some 
diamonds, taken from the mines of the Cape, show the same 
phenomenon. It seems that these accidents to the microscopic 
fragments which we have obtained and to the diamonds of the 
Cape, can be attributed to the strong pressure to which both have 
been subjected at the time of their formation. 

The specimens of diamond, prepared by this method of cooling 
in melted lead, were very curious when examined from the stand- 
point of their formation. Frequently their surface was bright 
and smooth, sometimes it was rough and hollowed out, having 
the peculiar appearance which is often found on the natural 
diamonds. These crystals had a sharp outline and always pos- 
sessed the greasy appearance that is peculiar to the diamond. 
When a ray of light penetrates them they become illuminated and 
appear to absorb the light. Some appeared .in cubes or in octa- 
hedrons with rounded faces. Bouchardat, professor of mineral- 
ogy in the École supérieure de Pharmacie, kindly examined these 
crystals as to their form, and found one among others which 
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clearly possessed the form of a trapezohedron with twelve faces, 
that is, it was a hemihedral form of the isometric system. 

Examined in convergent polarized light-, sometimes these crys- 
stals (Figs. 35 and 36) gave no color phenomena (this was gen- 





Pig. 36. Diamond by cooling in lead magnified Fig. 37- Diamond crystallized in 
100 diameters. cubic form magnified 100 diameters. 

erally the case) ; sometimes they took on a faint color (Fig. 37). 
We had many occasions to study the crystals of natural diamonds 
"which showed a much deeper coloration. It seems that this colora- 
tion can be readily explained by the pressure necessary for the 
formation of the crystals. 

We will describe some of them. The one shown in Fig. 37, 
"whose greatest length measured 0.40 mm., was a perfectly trans-. 
parent stone which throughout showed the smallest details in the 
lower portion. It was an aggregation of crystals as broad as it 
"was long and showed numerous four-sided impressions. It was 
formed of superimposed layers with irregular crystallization. On 
the sides, numerous parallel striations could be distinguished. The 
diamond, shown in Fig. 38, had the appearance of a drop which 




Pig. 38. Diamond in form of drop magnified 80 diameters. 

was suddenly solidified. Its surface was rough and its appearance 
was similar to some diamonds from Brazil. Its appearance is 
entirely characteristic. 
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Experiments Made by Granulating Fused Metals. — In another 
series of experiments we endeavored to diminish the quantity of 
the melted iron and to cool it much mcwe rapidly. 

The idea was to bring the £used liquid into the form of a 
sphere, and then exert a great pressure on it. Such a result can 
be obtained on a small quantity of substance, by allowing; liquid 
iron, saturated with carbon by means of the electric furnace, to fall 
from some height, and suddenly cooling it in a mercury-bath. 
We used an electric furnace of Courson stone, similar to those 
which we daily used, but of which the bottom carried a cylindrical 
opening 6 cm. in diameter. The electrodes which carried the cur- 
rent were 5 cm. in diameter; the positive was hollowed and con- 
tained along its axis a cylindrical canal, 18 mm. in diameter, in 
which a bar of iron could easily be moved backward and forward 
at will. 

This furnace (Fig. 39) was arranged on two supports, while 



underneath was an iron pan containing 10 cm. of mercury covered 
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by a layer of water twice as thick. At the beginning the arc was 
made to play with a current of ictoo amperes at 60 volts. When 
the furnace became regular and the lime commenced to distil, 
which took at most two or three minutes, the iron bar was slowly 
pushed forward; the metal approaching the arc, rapidly fused, 
became saturated with carbon, then fell in the form of regular 
spheres. These incandescent spheres passed through the layer of 
water and in consequence of their acquired speed sank to the 
bottom of the mercury, where they cooled by conduction. 

When the experiment is once in prt^ress it is easily regulated, 
and it is possible in a short time to granulate many kilos of 
melted iron. When this granulated mass which swam on the sur- 
face of the mercury was collected, a large number of spheres or 
flattened ellipsoids were found to be regularly formed and per- 
fectly homc^;eneous. At most they measured o.oi meter in diame- 
ter, sometimes only 4 to 5 mm. They were preserved for the 
usual treatment with acids, as previously indicated. The other 
irregular grains, which were porous or which contained géodes 
and easily crushed under a hammer, were not treated with the 
acids. We found in the iîrst experiments that they contained no 
carbon of high density, and after the usual treatment left no 
residue under the microscope. All of the fusiçn was sufficiently 
saturated with carbon, since it contained graphite, which could be 
seen in the géodes of the grains of poor quality. 

The regular formed spheres gave black and transparent dia- 
monds. The latter were in very small crystals, which was not 




surprising. Some of the crystals showed a remarkable regularity ; 
for example, an octahedron (Fig, 40, A and B) measuring o.oit 
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mm. in its greatest length, sank in methylene iodide and burned 
on the platinum boat, leaving no ash. These little crystals 
scratched the ruby and possessed the brilliancy and appearance of 
the diamond. 

Thanks to Guichard, engineer of the Société Edison, we were 
able to make the same experiment in another form. The electric 
furnace was arranged above a pit 32 meters deep, at the bottom 
of which was placed an iron pail containing water and mercury. 
As soon as the furnace had attained a constant temperature we 
shoved the iron bar in the axis of the positive electrode, being 
careful to fuse a sufficiently large quantity of metal in order that 
the drops formed would be large in diameter. The spheres of 
fused iron which attained a diameter of 0.02 to 0.03 meter fell 
vertically, giving now and then a spark and disappearing without 
burning in the water placed at the bottom of the pit. From the 
standpoint of production of the diamond this experiment was 
very poor, as the depth of the mercury was insufficient for such a 
rapid fall and the fused metal was scattered into fragments of in- 
definite shape. 

Two facts were observed in this experiment: When one of 
these spheres touched the edge of the tube in whose center the me- 
tallic pail was placed, or when it encountered the ground, it burst 
into flame, breaking into sparkling globules, making a sound like 
a gunshot. This sphere of metal appeared saturated with gas and 
burst like a ball of fire. The second fact which struck us was the 
following : At the moment when the ball of metal left the electric 
furnace, it was brightly glowing, but in its rapid fall traveled 
only 0.50 meter before the bright light was much diminished. A 
camera on the bottom of the pit enabled us to observe the spheres 
at the moment when they came in contact with the water, and 
according to their color, we can say that their temperatures had 
fallen considerably. 

Experiments Made in Metallic Blocks. — In this work we re- 
placed the mercury by a metallic block. An iron cylinder 0.18 
meter long and 0.14 meter wide was turned on the lathe. A 
cylindrical hole was bored along its axis 3 cm. in diameter and 0.12 
meter deep, in which a cylinder of the same metal could slide 
with gentle friction. This apparatus was placed in a bucket of 
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<:old water. Four hundred grams of iron, saturated with carbon, 
were fused in the electric furnace and the liquid was cooled in the 
metallic block which was quickly closed by means of the iron cylin- 
der. In these experiments, the cooling was very rapid. The metal 
"which formed the block was removed on the lathe and the fused 
mass found inside was submitted to the treatment previously de- 
scribed. 

This experiment gave the best results ; the yield without being 
high was more than from the granulated metal. The diamond 
was accompanied by a graphite in compact crystals having a den- 
sity of 2.35. Some particles of the diamond were well -crystallized 
and perfectly transparent, while others contained spots. In order 
to still further increase the rapidity of cooling we repeated the 
same experiment in a copper block of the same dimensions. The 
yield in weight was not higher, but the diamonds were quite 
transparent, and the number of diamonds with spots was less. 
They were not accompanied by the dense fragments which were 
transparent and which would not bum. 

Sheath of Fire. — The phenomenon of the sheath of fire was dis- 
covered by Fizeau and Foucault ;'■ it was later studied by Plante, 
then by Violle and Chassagny," and finally by Hoho and Lagrange 
Tvho sought to apply it industrially.' 

This phenomenon, which is produced when a strong current is 
passed through a liquid conductor, causing the metal of an 
electrode to fuse, enables the metal of an electrode to be raised 
to its fusion-point. We made this experiment with a tube of cast 
iron containing in its axis a cylinder of carbon and collected the 
drops of metallic liquid in a solution of sodium carbonate which 
served as the electrolyte. 

The drops thus obtained were always irregular in form and in- 
completely saturated with carbon. They contained no diamonds. 

Attempt at Solution of Carbon in Bismuth. — It is known that 
bismuth possesses, to a high degree, the property of increasing in 
volume on passing from a liquid to a solid state. We investigated 
the solubility of carbon in this metal. The experiment was made 
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by heating bismuth in a carbon boat, placed in a tube of the same 
substance in an electric furnace. The current employed was 350 
amperes at 60 volts. The experiment was made very short on 
account of the ready volatilization of the metal. On cooling the 
mass which was not volatilized, bismuth remained which con- 
tained neither amorphous carbon nor graphite. Bismuth was then 
heated in the presence of sugar carbon in a carbon crucible with 
a current of 350 amperes at 60 volts. When the mass was red- 
hot it was plunged into water, when a violent explosion took place 
with projection of the water and all of the metal; the latter was 
pulverized into very small fragments. The experiment was re- 
peated with similar results. 

Sudden Cooling of Silver. — Silver, when saturated with carbon, 
possesses the interesting property of increasing in volume on 
passing from the solid to the liquid state.^ 

At its melting-point silver dissolves only traces of carbon, but 
on heating silver in the electric furnace to complete boiling, in 
contact with a layer of sugar carbon, it dissolves considerable 
carbon. 

On rapidly cooling, that is, by plunging the crucible into cold 
water, there is formed a lump which encloses a portion of the 
liquid silver and the latter, on passing from the liquid to the solid 
state, will be submitted to a strong pressure. The carbon which 
is deposited in the center of the lump takes on a higher density 
than graphite. After the experiment the metal was dissolved in 
boiling nitric acid, and a powder remained which was examined 
with the microscope. This material was very complex. If the 
electrodes of the furnace or the crucibles contain silicious com- 
pounds, it contains the piles of crystals of silica, described by 
Marsden. Corundum and carbon silicide were also found. 

This residue was submitted to the treatment previously de- 

1 When a fusion of silver which does not contain carbon is suddenly cooled in water 
the mass contracts on cooling ; the surface of the cylinders are concave. On the contrary 
when silver saturated with carbon is operated on, it is observed that after the cooling, the 
surfaces are convex. In the latter case, the cylindrical portion was impressed with the 
slightest details of the crucible. It appears, therefore, that silver carbide only strongly in- 
creases in volume on passing from the liquid to the solid state. These results agree with 
the work of W. Chandler Roberts and T. Wrightson {Proc. Phys. SoCy IV, 195), who have 
shown that the density of silver in the liquid state at about its melting-point is 9.51, while 
the density of solid silver is 10.57. 

We found similar results with liquid iron and liquid aluminum when saturated with 
carbon. 
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scribed: Alternate action of boiling sulphuric acid and hydro- 
fluoric acid and treatment with the oxidizing mixture, in the 
experiments which were repeated a large number of times, we 
always obtained only black diamonds. There frequently remained 
along with this carbon, transparent crystals, some of which had 
an octahedral appearance,^ but slowly dissolved by repeatedly 
treating with concentrated sulphuric acid. They could also be 
removed, without attacking the black diamonds, by a fusion with 
potassium bisulphate at a low temperature. The residue was 
then treated with methylene iodide. In these experiments it is 
necessary to repeat many times the treatment with potassium 
chlorate and nitric acid in order to remove the silver which im- 
pregnates the black diamond. Under these conditions a larger 
yield of black diamond was obtained than in the iron fusions. 
The black diamonds showed either a granular appearance, or 
appeared as pointed plates,^ or as masses with a conchoidal frac- 
ture, having a less bright, oily appearance, and a density which 
varied between 2.5 and 3.5. 

This experiment, in which no transparent diamonds were made, 
was interesting, since it showed a series of black diamonds, whose 
density increased from that of graphite up to 3 or above. By 
treatment with bromoform we obtained a black diamond which 
scratched the ruby, and burned in oxygen at 1000°. This black 
diamond was always formed in the center of the mass ; we assured 
ourselves of it in the following manner: If the regularly formed 
fusions of silver, containing no bubbles, were sawed into two 
equal parts, perpendicular to the base, on treating the section thus 
obtained with nitric acid, there was obtained, in a short time, a 
product of which the major portion was black diamond. 

We would say that the fusion of fine silver which we used at 
the beginning of our experiments sometimes contained, without 
our knowledge, a very small quantity of gold; we found some 
grains of black diamond impregnated with this metal which rap- 
idly dissolved in aqua regia.^ This observation is significant in 

1 The crystals of carbon silicide, when broken and seen on the edge, could be taken 
for the octahedral points. 

2 Some specimens of carbon given by Marignac, of Geneva, to Des Cloizeaux possessed 
the same appearance 

• The gold collects in the still liquid central portion. This appears to indicate that a 
definite alloy of gold and silver does not exist. 
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view of the discovery made by Des Cloizeaux of black diamonds 
containing small plates of gold. 

£. Combustion of the Synthetic Diamonds 

We have found that the crystals, obtained by means of iron and 
silver, cooled in water, possess the density and hardness of trans- 
parent and black diamonds; moreover, they bum in oxygen at 
a temperature at 700°, giving carbon dioxide, in order to definitely 
settle that this substance was diamond, there only remained to 
make a combustion by weight. This part of our investigations 
was the most delicate. The yield in the experiments was very 
small and the separation of microscopic crystals of diamond long 
and difficult. This small yield was due to many causes. When 
the fusion is suddenly cooled, the carbon in solution is not set free. 
Since the cooling must be rapid in order to form a solid and re- 
sisting crust on the surface of the metallic fusion, it is clear why, 
for ingots of 200 grams, the contents of diamonds is so small. 
The central portion which can yet be liquid, has not the time to 
deposit a large quantity of carbon before its solidification. Theo- 
retically, a sufficient pressure must be made on the mass, saturated 
with carbon at a high temperature, which cools slowly. More- 
over, at the moment the fusion passes from a liquid to a solid state, 
gas is evolved which prevents the pressure from being uniform. 
Finally, after the numerous treatments the liquids were decanted, 
and when the little diamonds were well cleaned, many of the 
fragments swam on the water, and we thus lost good specimens 
frequently. 

By working with thirty fusions of silver we were able, by the 
methods indicated, to separate 0.006 gram of black diamond, 
which sank to the bottom of methylene iodide and strongly 
scratched the ruby. In order to make the combustion of this 
substance, we arranged our apparatus in the following manner 
(Fig. 41) : A tube of Berlin porcelain, glazed inside and outside, 
having a length of 0.60 meter was placed in a good combustion 
furnace, whose temperature, measured by the electric pyrometer, 
was 1050°. Each end of this porcelain tube was closed by a 
glass stopper, cemented with Golaz cement. One of these stoppers 
was connected by a lead tube with a copper gasometer that was 
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filled with oxygen prepared from potassium chlorate and man- 
ganese dioxide, free from traces of carbon dioxide. 

The oxygen passed first through two wash-bottles of baryta 
water which remained perfectly clear. It was then dried by 
means of long tubes containing pieces of potash which had been 
fused in a silver crucible. The other glass stopper was connected 
to a small tube of sulphuric acid and pumice stone, a bulb or coiled 
tube containing a solution of potash, and finally a small U-tube 
filled with pieces of fused potash. At the end of the apparatus, 




in order to prevent the entrance of moisture, a tube of pumice 
stone and sulphuric acid was placed. 

We began first by making blank experiments in order to obtain 
the limit of error of the apparatus. A platinum boat was weighed 
to the tenth of a milligram, then by means of a long, platinum wire 
was introduced into the center of the porcelain tube. The platinum 
Tvire was long enough that 0.01 meter remained outside, and could 
be easily grasped with pincers. The glass stopper was then 
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cemented on to the porcelain tube. The tubes were weighed to 
the tenth of a miUigram and a slow current of oxygen was allowed 
to pass. The furnace was heated for two hours. When the ex- 
periment was over, the bulb-tube and the two U-tubes were 
weighed and should correspond to the original figure. The error 
of a blank experiment can vary from 0.00 1 gram to 0.0015 gram. 
We never found more in the six comparative experiments which 
were made at different times. 

Combustion of the Black Diamond of Synthesis. — To make the 
combustion, we prepared 6 milligrams of black diamonds by means 
of silver fusions quickly cooled in water; the carbon was placed 
in the platinum boat and heated for two hours in a current of 
oxygen. 

Weight of the boat after combustion 3- 3035 

before * ' 3'3095 

in vacuum 3-3095 

After the experiment : 

Weight of the sulphuric acid tube 6. 2675 

♦* ** " bulb tube } 






({ (( it 



solid potash J 

Before the experiment : 

Weight of the sulphuric acid tube 6.2670 

bulb-tube ( ^ 

solid potash J 



il it {( 



Accordingly : 

Substance burned 0.006 

Carbon dioxide collected 0.023 

The 0.006 gram of black diamond which we burned left only 
a trace of ash, the weight of which was too small to determine. 
It gave 0.023 gram carbon dioxide ; theoretically, 0.022 gram was 
required. This substance agrees then with the fundamental prop- 
erties of carbon, giving for i gram 3.666 of carbon dioxide. 

Combustion of Transparent Diamonds. — We then prepared 
transparent diamonds by means of fusions of iron quickly cooled 
in water and in iron filings. It was necessary to make eighty 
fusions to obtain, after the many treatments of which have been 
spoken at the beginning of this work, the small quantity of 0.0155 
gram of fragments heavier than the methylene iodide. About a 
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tenth was black diamond, which we were unable to separate on 
account of their smallness. The rest consisted of transparent 
diamonds containing a somewhat large number of diamonds with 
spots obtained by the rapid cooling in the iron filings. As we 
have previously remarked, all of the diamonds sank in methylene 
iodide, scratched the ruby with great energy, and some were well 
crystallized. The combustion was made with all the care which 
a substance collected with so many diiRcnlties merited, and the 
weight of the boat and tubes were first taken after a blank ex- 
periment. 

Weiglil of the boat after the canibuslion 3.2928 

" " " '• berore the " 33058 

■ ill vacuum 3.30S3 

After the experiment : 

Weight of tlie sulphuric aciil tube 6,2402 

" " bulb-tulie ) 
solid potashi '■^^°^ 

Before the experiment : 

Weight of the sulphuric aciU tube 6.3398 

bulb-tube | 

" " " solid potash) 

Accordingly : 

Substance bunied 0.013a 

Carbon dioxide colletted 0.0496 

The weight of the substance which burned in oxygen was conse- 
quently 0.013 3nd the weight of the carbon dioxide collected 
0.0496. Taking 12 for the atomic weight of carbon and 16 for the 
atomic weight of oxygen, we should theoretically obtain 0.0476 
carbon dioxide. 

The residue of 0.0025 which remained in the boat was particu- 
larly interesting to study. Under the microscope there were seen 
round, bright grains which resisted the action of oxygen at 1000°. 
These small, bright grains were collected and again treated with 
boiling sulphuric acid, then fused with potassium acid fluoride. 
After repeated attacks they completely disappeared. Another 
portion of the same material, fused with potassium bisulphate, 
was attacked with ease. This transparent, non-crystalline sub- 
stance, which had a density above 3.5 and which scratched the 
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ruby,- was consequently not carbon. Could it have been a variety 
of silicon or a silicious compound, arising from an iron rich in 
silicon, which was used in some of the experiments ? The small 
quantity of material which I had at my disposal would not permit 
this question to be settled, but we always found the same particles 
when we used the electrodes rich in silica or silicious iron.^ 

After treatment of the residue from the combustion by fusion 
with potassium acid fluoride, there remained two or three par- 
ticles of carbon silicide which were easily recognized by their 
appearance and crystalline form. Beside this residue, after the 
combustion we observed, with the microscope, traces of light ash, 
white or slightly ferruginous which had the appearance of the 
ash of the diamond. By gently blowing it disappeared, and the 
weight of the boat was not changed. In the particles which did 
not burn we found nc transparent fragments with black spots ; all 
had burned. 

By this experiment we show that 0.013 gram of combustible 
material gave a quantity of carbon dioxide gas which corresponds 
to the atomic weight of carbon. As the diamonds left a small 
quantity of particles which did not bum, we repeated the ex- 
periment. 

New diamonds were prepared partly by means of the cylin- 
ders filled with sugar carbon and partly by means of the 
metallic blocks of iron and copper.* They sank in methylene 
iodide, readily scratched the ruby and did not contain black 
diamonds. 

Combustion gave the following results : 

Weight of the boat after combustion . • • 2. 1268 

" *• ** before '* 2.1325 

** ** ** ** in vacuum 2.1325 

Before the experiment : 

Weight of the sulphuric acid tube 4.8670 

•* •* *' bulb-tube ) g 

" ** solidpotashj 3.»3io 

1 In some experiments expressly made on this point with melted iron in presence of 
alumina, we found some transparent powder which would not bum, amorphous, always 
with a corroded surface, and which under the microscope gave a reaction for alumina 
with caesium alum. These particles always disappeared under repeated treatment, while 
the diamond remained intact. 

s These two proceedings gave the purest diamonds. 
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After the experiment : 

Weight of the sulphuric acid tube 4.8665 

" ** *• bulb-tube 1 ^ 

•* " " solidpotashjT ^^ ^°^ 

Accordingly : 

Material burned 0.0057 

Carbon dioxide collected .0.0205 

0.0057 graiïi of transparent diamonds gave experimentally 
0.Q205 gram carbon dioxide. Theory requires 0.0209. In this 
experiment the ash was not appreciable on the balance. These 
three combustions show, then, that the black and transparent frag- 
ments, having a density of 3.5 obtained in our experiments, are 
forms of pure carbon. 

CoNCi^usiONS. — In general, under the different conditions in 
which we worked, we have been able to obtain a variety of dense 
carbon, black or transparent. Some specimens presented a very 
good crystalline appearance; they possessed a density of 3.5, 
scratched the ruby, resisted twelve treatments of an oxidizing 
mixture of dry potassium chlorate and fuming nitric acid, the 
action of hydrofluoric acid and boiling sulphuric acid ; finally they 
burned in oxygen at a temperature of about 900°, and for i gram 
of substance gave 3.666 grams of carbon dioxide. These are the 
properties which are possessed only by the natural diamond. 

We have shown by experiment that carbon can be compared 
with arsenic which, in vacuum, as under the ordinary pressure, 
passes from the solid to the gaseous condition without taking on 
the liquid form. When gaseous carbon solidifies, it always appears 
as graphite at the ordinary pressure. 

All of the varieties of amorphous carbon under the action of 
a sufficient increase of temperature are polymerized and attain a 
stable crystalline condition, in which the properties become fixed. 
This is graphite. At the same temperature, without passing into 
the liquid state, the diamond goes over into the form of graphite. 

According to our views, carbon can be brought into a liquid 
condition, but this phenomenon is only produced under the action 
of a very strong pressure. In the case of great pressure, as our 
preceding experiments have shown, the density of carbon in- 
creases and diamond is obtained. I have been able to prepare, in 
the fusions of iron, cooled in lead, small diamonds having the 
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shape of an elongated drop, such as are sometimes found in nature. 
It is known that at the Cape, as in Brazil, there are found dia- 
monds which do not possess a trace of apparent crystallization, and 
which have the rounded form such as those which can be ob- 
tained from a liquid held in the center of a pasty mass. 

We have as another example on this point, the form of the 
microscopic diamonds described in the blue ground of the Cape 
(Fig. 20, A and C). 

Carbon under pressure can take on a liquid state; it becomes 
transparent, its density increases, and it can solidify either by 
crystallizing or by assuming a round and amorphous form. An 
impurity, a trace of a body of the isometric system, can readily 
introduce a regular crystallization, or a mass of distorted crystals. 
If the pressure is slightly less, the diamonds are contaminated 
with particles of carbon which retain their black color; thus the 
diamonds with spots are prepared. Finally, if this pressure is 
still less, black diamonds, poorly crystallized, are obtained, and 
whose density can be less than that of the diamond. 

All of these different varieties of diamond, regular octahedrons, 
cubes, fragments of distorted crystallization, crystals which break 
in time, drops, diamonds with spots, and black diamonds, have 
been reproduced in our work, and they justify the theoretical 
views that we give on the liquefication of carbon. 



CHAPTER HI 
Preparation of Some Simple Substances in the Electric Furnace 

General Remarks 

The high temperature of the electric furnace enables us to ex- 
tend certain reactions which have been hitherto regarded as lim- 
ited, since the scale of temperature which we had at our disposal 
was insufficient. We know, for example, the laws of complete or 
incomplete decomposition of calcium carbonate by heat, laws which 
have been fixed in a masterly manner by Henri Debray. H 
barium carbonate has been regarded as a body which is not de- 
composed by heat alone, it appears that the temperature of the 
furnaces was too low to effect the dissociation. 

Barium carbonate, heated in the electric furnace, is decomposed 
the same as calcium carbonate; it loses its carbon dioxide and 
leaves as residue, caustic baryta. It is also known that certain 
oxides could not be reduced by carbon. We mention, for example, 
silica, the oxides of the alkaline earths, the oxides of uranium, 
vanadium and zirconium. We will show that these compounds 
can be reduced in the electric furnace, and give the metals or the 
carbides which are frequently crystalline. 

Metallurgy has used, in later years, currents of a larger volume 
for electrolysis. The recent preparation of aluminum is an exam- 
ple. But we think that the heat furnished by the electric arc can 
be also utilized, since it reduces by carbon, oxides which have here- 
tofore been regarded as not capable of reduction. It is in this way 
that the use of the electric furnace permits the rapid preparation, 
in a fused state, of the refractory metals which have been previ- 
ously obtained with much labor. The most of these elements have 
been heretofore studied in the form of a dark-colored powder, 
with somewhat variable composition and whose physical condi- 
tion offered no guarantee for purity. 

In order to obtain these refractory bodies by fusion, some 
magnesia, which is stable at the highest temperature of the arc,^ 

is placed in the cavity of a furnace of lime or limes ::o::e, a::d en 

* In all of our experiments, solid, liquid, or gaseous magnesia in contact with carbon 
remained as oxide. 



146 THE ELECTRIC FURNACE 

it a carbon crucible is brought containing the mixture of carbon 
and the oxide to be reduced. 

When the metal is volatile, the operation is conducted in the 
furnace for tubes, in a current of hydrogen, and the metallic vapors 
are condensed on a cold receiver. Thus calcium, strontium and 
barium were prepared. These metals were obtained in the form 
of fine powder which was impossible to unite into an ingot by 
fusion.^ If the metal is not sensibly volatile it remains on the 
bottom of the crucible in a liquid condition and solidifies as soon 
as the arc is broken. This is the case with chromium, molyb- 
denum, tungsten, titanium, uranium and other elements. Some 
of these preparations require a special arrangement of which we 
shall speak later. Most frequently, the substances obtained by this 
method contain variable quantities of carbon, and it is necessary, 
in a second operation, to refine them by means of liquid lime or an 
oxide of the element.^ 

We point out for each metal the precautions to take and the 
analysis of the various specimens. 

A. Chromium 

Chromium, whose discovery is due to Vauquelin," has numer- 
ous applications. Its oxides and other combinations have entered 
into practical industry. If chromium has so far been little used 
as metal, it is due to the difficulty of its preparation. It had 
never been obtained in large quantities, and when it has been 
desired to utilize its valuable properties for the manufacture of 
chrome steel, it was necessary to prepare in the blast-furnace an 
alloy of iron and chromium called ferrochromium. 

The presence of iron and carbon in the latter compound re- 
tarded the extension of this study, and the alloys which chromium 
can form with other metals were not known. 

The investigations that we give here probably permit the filling 
in of this omission. 

Preparation of Crude Chromium, — We showed in 1893 that it 
is possible, by means of the high temperature produced in the 

1 Finely divided mercury presents an analogous phenomenon. 

* A large number of metals have never been obtained perfectly pure. Some contain 
carbon, silicon, or the alkaline metals, and it is known to-day that a very small quantity 
of these impurities can make a variation in the physical and the chemical properties of 
the elements. It, therefore, seemed important to carefully determine the state of purity 
of the metals obtained by means of the electric furnace. 

s Vauquelin : '*Sur une nouvelle substance métallique contenue dans le plomb rouge 
de Sibérie," Ann. chim. phys., 25, 21, 1797. 
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electric furnace, to reduce chromium sesquioxide with carbon, 
either in an intermittent apparatus^ or in a continuous apparatus.* 
In the latter case we used an electric furnace which contained a 
carbon tube slightly inclined, taking at the upper end a mixture 
of the sesquioxide and carbon and allowing the liquid metal to 
flow from the lower end. This carbon tube was heated in our 
reverberatory model of electric furnace with movable electrodes, 
which we previously described. It was with this apparatus that 
we have prepared the 20 kg. of metallic chromium which served 
for our work. 

In our first experiments, depending on whether the oxide or 
carbon was in excess, a carbide more or less rich in carbon was 
obtained. The different specimens prepared under these condi- 
tions gave the following figures : 

I. 2. 3. 4. 

Chromium 87.37 86.25 90.30 91.70 

Carbon 11.92 12.85 9-47 8.60 

The crude metal thus obtained contained somewhat large quan- 
tities of carbon. We studied the different conditions of formation 
of this metal and were able to prepare two definite and crystalline 
compounds of chromium and carbon. 

Carbide of the Formula Cr^Cz- — ^When metallic chromium is 
heated in presence of a large excess of carbon for ten or fifteen 
minutes in the crucible of an electric furnace with a current of 
350 amperes at 70 volts, there is obtained a friable lump con- 
taining crystals of chromium carbide corresponding to the formula 
CrgCg. This carbide appears in bright scales, having a gray ap- 
pearance, not attacked by concentrated hydrochloric acid, concen- 
trated or fuming nitric acid, or aqua regia, but is slowly attacked 
by dilute hydrofluoric acid. Fused potash has only a slight 
action, while fused potassium nitrate readily attacks it. Its den- 
sity is 6.47. It does not decompose water at the ordinary tempera- 
ture or at 100°. It is the carbide which is stable at a hig^h tem- 
perature. On analysis, this carbide gave the following results : 

I. 2. Theoretical. 

Chromium 86.50 86.72 86.66 

Carbon 13.10 13.21 13.33 

^ Henri Moiaaan : *' Préparation rapide du chrome et du manganèse à haute tempéra- 
ture," Compt. rend.^ \\6, 349, February 20, 1893. 

* Henri Moissan : " Sur un nouveau modèle de four électrique à réverbère et à élec- 
trodes mobiles,*' Compt. rend., 117, 679. 
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Carbide of the Formula Cr^C. — In the numerous preparations 
of fused chromium that we made, we sometimes observed that the 
surface of the metallic ingots was covered with needles of a golden 
color, often having a length of i cm. to 2 cm. These crystals 
correspond to the formula Cr^C. They were also found as bright 
needles in the géodes which formed inside fused chromium. Their 
density is 6.75. 

The compound contained the following proportions of carbon 

and chromium : 

I. 2. 3. 4. 

Chromium 94-22 94-02 .... 94-55 

Carbon 5.40 6. 11 5.24 5.45 

Crystalline Chromium. — We endeavored to refine the chromium 
by heating it in presence of an excess of the oxide. The metallic 
carbide, broken into large pieces, was brought into a carbon cruci- 
ble carefully lined with chromium oxide, and covered with the 
same oxide. This mixture was again submitted to the heat of the 
electric arc, the covering of oxide melted, then the metal fused and, 
little by little, lost all the carbon which it contained. Chromium, 
thus prepared, heated in a current of chlorine, is transformed into 
volatile chloride without leaving a trace of carbon. The complete 
removal of the carbon is accomplished, but the metal is saturated 
with oxygen, and from the metallurgical point of view is called 
a burnt metal. The refining of the chromium fusion was then made 
in presence of fused lime, and we were able, by working on from 
500 grams to i kilo of metal, to remove the large part of the 
carbon contained in the chromium. It is known that carbon and 
lime combine to give calcium carbide.^ 

It is this reaction that we used and it generally gave a fine- 
grained metal whose content of carbon varied between 1.5 and I-9. 
When chromium is thus purified, although it still contains a small 
quantity of carbon, it crystallizes readily. We often obtained 
very pretty hoppers of crystalline chromium in which the crystals 
were 3 mm. to 4 mm. long. At first sight, these crystals have 
the appearance of cubes and octahedrons. Their grouping is 
similar to the crystalline masses of bismuth. Fremy has shown that 
it was possible to obtain crystalline chromium by the action of 
sodium on chromium chloride. 

1 Henri Moissan: " Préparation an four électrique d'un carbure de calcium cristaHiaé; 
propriétés de ce nouveau corps," Compt. rend., ii8, 501. 
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Chromium Free from Carbon. — The method of refining by 
fused lime, which wr have described, does not give metal com- 
Ijletely free from carbon. We observed, if the chromium was 
sufficiently pure, that in presence of the liquid lime and the 
gas of the furnace an inverse reaction was produced. All the 
metal was brought into the state of a double oxide of calcium and 
chromium which was well crystallized. 

We took this double oxide which is formed readily in the 
electric furnace and made a lining in a furnace of quicklime and 
in it re-fused the chromium. Under these conditions refining 
takes place and a bright metal is obtained which can be easily 
filed and polished. This is pure chromium which, on analysis, 
showed no trace of ci;rbon. 

Physical Properties. — The density of pure chromium was found 
to be 6.92 at 20° (mean of three experiments). It differs a little, 
as is seen, from that heretofore given. In the oxyhydrcçen blow- 
pipe, at the point of the blue portion of the flame, crude chromium 
throws off bright sparks, partly burns, but only fuses superficially, 
due to the heat evolved in the combustion. The fusion is never 
complete, it is only on the surface and the fused portion is still 
rich in carbon. In the closed lime-furnace, which Deville and 
Debray used to fuse platinum, we were imable to liquefy chromium 
containing 2 per cent, carbon with the oxyhydrogen blowpipe in 
forty-five minutes. The piece of metal which was touched by the 
extremity of the blue flame was only partially fused on account 
of the phenomenon of oxidation of which we have spoken. 

When chromium is quite free from carbon it burns rapidly and 
its combustion is more brilliant than that of iron. It oxidizes 
rapidly and after the experiment there remains a rounded piece of 
fused chromium sesquioxide. 

Pure chromium is more infusible than the crude metal; its 
melting-point is considerably above that of platinum and cannot 
be reached with the oxygen blowpipe. On the contrary, in the 
electric furnace, fused chromium presents the appearance of a 
bright liquid, very fluid, possessing, in the crucible, the appearance 
and mobility of mercury. It is possible to remove it from the 
electric furnace and cast it into an ingot. By using the heat given 
by a current of 1000 amperes at 70 volts, we have been able, in a 
furnace of sufficient size, to prepare at one time 10 kilos of refined 
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fused chromium and cast it with ease. This fusion had the follow- 
ing composition : 

Chromium 97» 14 

Carbon 1.69 

Iron 0.60 

Silicon 0.39 

Calcium traces 

Pure chromium, free from iron, has no action on a magnetic 
tieedle. 

Chromium carbide corresponding to the formula CrgCg easily 
scratches quartz and topaz, but is without action on corundum. 
The carbide Cr^C scratches glass deeply and quartz very diffi- 
cultly. When chromium is pure it has no action on quartz and 
scratches glass with much difficulty. Some specimens of quite 
-pure chromium did not scratch glass. 

Crude, fine-grained chromium, whose carbon content is between 
1.5 and 3 per cent., can only be worked and polished with the 
•diamond wheel. On the contrary, refined chromium, free from 
<:arbon, can be readily filed, takes the polish of iron, shows a bright 
luster, a little less white than the latter metal. 

Chemical Properties, — Crude chromium is unchanged under 
the action of the carbon dioxide and moisture of the air. Pure, 
polished chromium is slowly tarnished after some days' exposure 
in moist air, but this slight oxidation is only superficial and does 
not continue. Chromium can be regarded as permanent in the air. 
Heated to 2000° in oxygen, it burns, scintillating more brilliantly 
than iron. Chromium filings heated to 700° in sulphur vapor 
«volve light and are transformed into chromium sulphide. Pure 
-chromium, placed in a covering of carbon and heated in a strong 
forge fire, gives, without fusing, the carbide which crystallizes in 
needles and has the formula Cr^C. Chromium, therefore, 
like iron, can be cemented. At the temperature of the electric 
furnace, it gives the crystalline compound CrjCj. 

Silicon combines readily with chromium. By heating a mixture 
'Of chromium and silicon in the electric furnace, a crystallized sili- 
cide is formed which has great hardness, easily scratching the 
ruby, not attacked by acids, aqua regia, by fused potash, or by 
fused potassium nitrate. 

Boron combines with chromium in the electric furnace, under 
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the same conditions, and forms a crystalline boride, Which is 
difficultly attacked by. acids, and has great hardness. 

Hydrochloric acid gas reacts on chromium at low redness, giv- 
ing the crystalline protochloride. Aqueous hydrochloric acid 
slowly attacks chromium in the cold ; more readily when heated. 
Dilute acid has no action at the ordinary temperature, but on boil- 
ing the action is somewhat energetic. It dissolves in dilute acid 
under the action of the electric current when the chromium is 
made the positive pole. 

Boiling concentrated sulphuric acid with chromium evolves 
sulphur dioxide gas and the liquid assumes a dark color. Dilute 
acid attacks it slowly when heated, and when the reaction takes 
place without air excess, there is formed blue, crystalline proto- 
sulphate of chromium which we have previously described.^ 

Fuming nitric acid and aqua r^a either cold or warm are with- 
out action on chromium. Dilute nitric acid attacks it very slowly. 

A solution of mercury bichloride very slowly attacks powdered 
chromium. 

Chromium, heated to 1200° in a. current of hydrogen sulphide, 
is completely transformed into fused sulphide having a crystalline 
appearance. At the same temperature, carbon dioxide superficially 
attacks chromium and the metal is covered with a green layer of 
oxide mixed with carbon. 

Carbon monoxide is reduced to about 1200° by this metal with 
the formation, on its surface, of a deposit of sesquioxide and car- 
bonization of the chromium. This action explains the difficulty of 
refining; it explains why, in working with quicklime crucibles, it 
is impossible to obtain chromium free from carbon in the forge. 

Fused potassium nitrate energetically attacks chromium at dull 
redness. The experiment becomes more beautiful when fused 
potassium chlorate is substituted for the nitrate; the chromium 
swims on the surface of the liquid like potassium on water, and 
bums brightly. Fused potash does not perceptibly attack chro- 
mium at dull redness. 

Refining a Commerciai, Ferrochromium in the Electric 
Furnace. — The use of fused lime for refining^ a fusion rich in 
carbon, can have industrial application. If we begin, for example, 

1 Henri Moissan : **Sur la préparation et les propriétés du protochlonire et du sulfate 
de protoxyde de chrome," Compt. rend., 9a, 792. 
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with a commercial ferrochromium containing 60 per cent, chro- 
mium, prepared in a cupola furnace, it is easy, by melting in the 
■electric furnace under a bath of liquid lime, to deprive it of its 
carbon. 

The following analyses demonstrate this very clearly. A ferro- 
chromium of Saint-Chamond gave by combustion in oxygen 7.3 
per cent, total carbon. After a first fusion under a layer of 
fused lime it contained only 5 per cent. After a second fusion it 
•contained only o.i per cent, of carbon; it is, therefore, possible for 
a technical product, to introduce a large quantity of chromium into 
steel without raising the percentage of carbon. 

A second series of experiments was made on a similar crystal- 
line product which, according to our analyses, contained : 

Chromium 61.81 

Iron 30.02 

Total carbon 7.53 

Slag 0.33 

99.69 

This ferrochromium was broken into pieces and fused under a 

tath of liquid lime. We obtained a metallic lump which had a 

good appearance, was fine-grained, and contained as total carbon 

only 4.2 per cent. The same operation was repeated, care being 

taken not to refine too long^; the metal thus obtained g:ave the 

following results : 

Chromium 64.00 

Iron 35.12 

Total carbon 0.70 

Slag 0.22 

100.04 

In this particular case, fused lime, which, in presence of carbon, 
forms calcium carbide, can serve to refine a crude metal by re- 
moving the carbon. These experiments will probably have some 
applications industrially. 

Treatment of Natural Chromite in the Electric Fur- 
nace. — The ready reduction of chromium oxide in the electric 
furnace enables us to treat certain minerals rich in chromium, 
such as chrome iron which is sometimes found in nature in crystal- 
line masses corresponding to the formula FeO, CrjOg. 

The mineral is reduced to a coarse powder mixed with a quan- 
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tih' of carbon corresponding to the content of oxygen and heated 
in an electric furnace. By working on a quantity of 2 kilos with 
a current of icx» amperes at 60 volts, we obtained in a few minutes 
a perfectly fused lump of ferrochromium which contained : 

Bb Chromium 60. 9 

^1 Iron 31.6 

^M Total carbon 6.1 

^H Silicon I.I 

m This preparation, without doubt, as we said in February, 1893, 
will find application in the preparation of alkaline chromâtes. It 
is only necessary to add the coarsely powdered alloy to a bath of 
fused potassium nitrate or sodium nitrate, iron oxide becomes 
insoluble in water, while the alkaline chromate is soluble and can 
be separated and purified by crystallization, 

CoNCLUSiONS.^By means of the intense heat produced by the 
electric arc it is possible to prepare fused chromium in large 
quantities. This fusion which corresponds nearly to the formula 
Cr,C can be refined either by fused lime or by the double oxide 
of calcium and chromium. The metal obtained is more infusible 
than platinum, it can be filed, takes a good polish, and is not at- 
tacked by atmospheric agents. It is attacked by acids with diffi- 
culty ; it resists aqua regia and fused alkalies. This preparation of 
chromium permits the investigation of the alloys of this metal. 
An alloy of copper with this metal gives interesting results. 

Pure copper, alloyed with 0.5 per cent, chromium, takes on a 
resistance almost double, and this alloy, susceptible of a good 
polish, alters less than copper, in contact with moist air, 
B, Manganese 

The use of the electric furnace has transformed the long and 
difficult reduction of manganese oxide into a continuous process.^ 
Pure manganese protoxide is mixed with carbon and heated in the 
arc. When a current of 300 amperes at 60 volts is used, the re- 

1 Nickel and cohBlt oxides nre also rapidly reduced by carbuii in the tieelrie furnace. 
Nickel 86.10 B7.6J 9440 



3. 


4. 


90.6o 


94.06 


I0.20 


6.35 
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duction is complete in five or six minutes. There remains on the 
bottom of the crucible a lump of 100 gjams to 120 grams of 
manganese carbide. The reduction can be made more slowly by 
using an arc of 100 amperes at 50 volts. In this case it takes ten 
to fifteen minutes. 

When an excess of carbon is used, the manganese is saturated 
with carbon and the fusions, on analysis, gave the following re- 
sults : 

I. 2. 

Manganese . • • • 85.00 85.82 

, Carbon 14.59 ^3-9^ 

If the reduction is made in presence of an excess of oxide, the 
quantity of carbon is greatly diminished, and in some fusions only 
4 to 5 per cent, of carbon was obtained. When the fusion of 
manganese thus prepared contains only a little carbon it can be 
preserved in open vessels, but when the quantity of carbon is in^ 
creased the moisture of the air decomposes it. Small pieces 
placed in water oxidized in twenty hours with the formation of 
hydrogen and hydrocarbons. This decomposition by the moisture 
of the air is more energetic as the content of carbon approaches 
manganese carbide, MngC, discovered by Troost and Hautefeuille. 
We will return later to the properties of manganese carbide. 

When a large quantity of metallic manganese is prepared by a 
more powerful arc, the ready volatilization of manganese renders 
the yield very small, a considerable quantity of the metal being 
lost by volatilization. To avoid the action of too strong heat, we 
heated the mixture to be reduced in a carbon crucible provided 
with a cover. Under these conditions, we obtained metallic masses 
of 400 grams to 500 grams having the following composition : 

X. a. 

Manganese 95'2o 96. 12 

Carbon 4.50 3.60 

This crude manganese when heated in the forge in a layer of 
oxide can be superficially refined and gives a soft metal which can 
be easily filed. When manganese contains no carbon, it does not 
scratch glass. By starting with native manganese dioxide as pure 
as possible (97.5 per cent.), previously roasted in a Perrot fur- 
nace, we obtained with a current of 500 amperes at 50 volts in 
a closed crucible a fusion which gave on analysis : 
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X. 2. 

Manganese 89.78 91.13 

Total carbon 7.59 6.41 

Slag 2.06 1.78 

The yield was 96 per cent, of the oxide used in the experiment. 
I believe that this reaction is applicable to the technical prepara- 
tion of metallic manganese, and as the refining of this fused metal 
is effected by the presence of an excess of oxide, it is possible to 
obtain manganese free from carbon and silicon. 

C. Molybdenum 

Molybdenum is obtained in the form of powder by reduction of 
the dioxide at low redness in pure hydrogen, then heating the 
metal obtained in a current of hydrochloric acid gas. Heretofore 
molybdenum has been regarded as infusible. Henri Débraya has,, 
with difficulty by the oxyhydrogen blowpipe, fused an impure 
molybdenum containing 4 to 5 per cent, of carbon. 

Preparation of Molybdenum. — To prepare molybdenum, we 
started with pure ammonium molybdate which was powdered and 
introduced into a crucible of refractory clay, holding i kilo- 
gram. The covered crucible was heated an hour and a half in a 
Perrot furnace. After cooling, the oxide appeared as a dense 
powder, violet-gray in color, corresponding to the formula MoOj.* 
One operation gave 760 grams to 770 grams of oxide. This oxide, 
mixed with carbon, was heated in the crucible of the electric 
furnace. In the preliminary experiments, made with an excess 
of carbon, we obtained, on heating seven or eight minutes with a 
current of 350 amperes at 70 volts, fusions which contained : 

I. 2. 3. 

Carbon 9.77 9.88 9.90 

We then undertook the preparation under the following condi- 
tions: Molybdenum oxide, roasted as we have described, was 
mixed with finely powdered sugar carbon in the proportion : 

Grams. 

Oxide 300 

Carbon 30 

In this mixture, the dioxide was in considerable excess of the 
carbon. The powder was carefully introduced into a carbon 
crucible and submitted to the action of an arc produced by a cur- 

1 Debray : " Recherches sur le molybdène," Compt. rend.y 46, 1098 (1898). 
• Method of Bucholz for the Preparation of the Dioxide. 
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rent of 800 amperes at 60 volts for six minutes. The metal should 
not be so completely fused that a solid layer of the mixture re- 
mains in contact to the crucible which would be strongly attacked 
by the liquid molybdenum. Under these conditions, a metal com- 
pletely free from carbon is obtained, and it is easy to obtain more 
than 2 kilograms in an hour. If the operation lasts more than 
six minutes, the molybdenum becomes liquid, attacks the crucible, 
becomes carbonized and appears as a gray mass, very hard and 
brittle. 

In another experiment, using an electric furnace having a cav- 
ity of 5 to 6 liters capacity, we have, at one time, made 8 kilograms 
of molybdenum which could be readily cast. This experiment was 
repeated and gave an ingot of 10.3 kilos. 

Since the publication of my work in the Comptes rendus de 
r Académie des Sciences^ one of my students, Guichard, has ob- 
tained a crude molybdenum in considerable quantity by reduction 
of natural molybdenite with carbon in the electric furnace;^ the 
fusion thus prepared contained no sulphur. On analysis, it gave : 

Molybdenum 91.80 

Iron 2.10 

Total carbon 6.64 

This reduction appears important to me since, molybdenum con- 
taining more or less carbon can be obtained by a simple treatment 
of the mineral in the electric furnace. 

Crude Molybdenum. — It has a density of 8.6 to 8.9, accordin 
to its carbon content. When it is saturated with carbon it is 
much less fusible than molybdenum. When it is rich in carbon, 
it is gray and brittle ; with 2.5 per cent of carbon, it becomes white 
and can be broken, only with difficulty, on the anvil. It possesses 
all the characteristics of the molybdenum studied by Debray. 
It rapidly dissolves carbon and when cooled deposits the latter 
as graphite, exactly as cast iron does ; yet, when saturated with 
carbon, it gives a carbide, crystallizing in fine needles. 

The gray, crude molybdenum is very hard ; it scratches steel 
and quartz. When fused, it gives a very mobile liquid which can 
be cast, throwing bright sparks in the air and evolving heavy 

1 H. Moissan : "Preparation au four électrique de quelques métaux réfractaires; tungs- 
tène, molybdène, vanadium," Compt. rend., 116, 1225, May 29, 1893; and Préparation da 
molybdène pur fondu." Compt. rend., lao, 1320, June 17, 1895. 

2 Guichard : Compt. rend., las. 1270. 
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iiimcs of molybdic acid. These fusions, on analysis, gave the 
ifollowing figures : 

White cast. Gray cast. 

/ • » / * \ 

I. 2. 3- 4- 5- 

Molybdenum 95.83 • • • • • • • • • 92.46 

Combined carbon 3.04 3. 19 2.53 4.90 5.50 

Graphite 0.00 0.00 0.00 0.00 1.71 . 

Slag 0.74 0.53 0.62 

Carbide of Molybdenum. — This compound is prepared by 
"heating molybdenum dioxide with an excess of carbon in the 
•electric furnace. The best proportions to take are: Dioxide 250 
•grams, carbon 50 grams. Time of heating, eight to ten minutes, 
-with a current of 800 amperes at 50 volts. When an excess of 
-carbon is used, it is found in the mass as graphite. The fusion ob- 
tained has a bright white, crystalline fracture. It cleaves readily ; 
.and when it is crushed on the anvil, small, elongated, well-crys- 
tallized prisms can be separated. Its density is 8.9 and its com- 
-position corresponds to the formula M02C. 

Analysis. — In the different specimens studied in this chapter, 
the molybdenum, after treatment with nitric acid, was precipitated 
as mercurous molybdate, and finally weighed as dioxide. When 
the carbide contained no graphite, the carbon was separated by 
pure dry chlorine, then estimated by combustion in oxygen, weigh- 
ing the carbon dioxide obtained. By this method the carbon con- 
.tent is always a little low. The following results were obtained : 

Theoretical 
6. 7. 8. for MooC. 

Molybdenum 93 .82 ... ... 94. 1 2 

Combined carbon 5.62 5.57 5.48 5.88 

Graphite • • • ... ... • • « 

Slag o. 1 7 • • • • • • • • • 

99.61 

If the carbide contains graphite, it is treated with nitric acid in a 
ilat-bottomed flask through which a current of oxygen passes. The 
:gas evolved passes through a tube filled with hot copper oxide; 
the water vapor is removed by a tube containing sulphuric acid 
-and pumice and the carbon dioxide is collected by potash. From 
the increase of the weight of the potash tubes, the carbon dioxide 
-and carbon are obtained. The acid liquid in the flask, after fil- 
rtration and washing, gives the graphite, and the molybdenum is 
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then determined by mercurous nitrate. This method gave the 
following results : 

9. xo. 

Molybdenum 92.60 9i-90 

Combined carbon 5.15 5.43 

Graphite 1.61 1.98 

By calculating without the graphite and reporting the molybdenum 
and carbon, the following figures are obtained : 

Theoretical for 
9. 10. MojC. 

Molybdenum 94-45 94*10 94* 12 

Combined carbon 5.55 5.90 5.88 

Pure Fused Molybdenum, — Pure molybdenum has a density of 
9.01. It is as malleable a metal as iron. It can be filed and pol- 
ished with ease, and can be worked hot. It scratches neither 
quartz nor glass. Free from carbon and silicon, it oxidizes in the 
air at a low red-heat. It can be kept for many days in ordinary 
water or water charged with carbon dioxide, without alteration. 
Below dull redness it becomes covered in the air with an irides- 
cent film like steel. At about 600°, it commences to oxidize and 
gives molybdic acid which slowly volatilizes. 

A piece of molybdenum heated for several hours in an inclined 
porcelain tube in a combustion furnace g^ves a deposit of crystals 
of molybdic acid in the upper part of the tube. The metal does 
not become covered with any other oxide, and finally disappears, 
giving a beautiful crystallization of molybdic acid. Heated in 
the blast-lamp it burns without fusing, giving* copious fumes of 
molybdic acid and a blue fusible oxide. Heated in a current of 
pure oxygen, it takes fire between 500° and 600° and if the cur- 
rent of oxygen is rapid the combustion continues without the aid 
of outside heat. 

The combustion is accompanied by light and while in progress 
makes a beautiful experiment. Fused potassium chlorate attacks 
molybdenum with violence. The chlorate is fused and on its sur- 
face a piece of molybdenum is dropped when the latter takes fire, 
revolving on the liquid. The temperature rapidly rises ; the 
molybdenum burns with flame and evolves copious white fumes 
of molybdic acid, which remain in suspension in the air in the 
form of light, white filaments. Sometimes the piece of molyb- 
denum is raised to so high a temperature that it penetrates the- 
side of the vessel in which the metal is fused. 
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Fused potassium nitrate under the same conditions gives a 
-similar reaction, though less violent, forming alkaline molybdatc. 
-A mixture of molybdenum and lead dioxide heated in a test-tube 
_gives great evolution of light and heat. 

Sulphur does not act at 440", but hydrogen sulphide at 1200° 
transforms molybdenum into an amorphous blue-gray sulphide, 
which has the properties of molybdenite and which, rubbed on 
paper, leaves a black streak. 

Fluorine does not attack lumps of the molybdenum in the cold, 
but when the metal is coarsely pulverized it forms a volatile 
fluoride without evolution of light. Chlorine attacks molybdenum 
-at dull redness without apparent evolution of light. With bromine 
the reaction takes place at a cherry-red heat and without great 
intensity. 

Iodine is without action at the. softening-point of glass. 

The fluorides of silver, zinc and lead are decomposed, but with- 
out formation of volatile fluorides. Slightly heated phosphorus 
pentachloride attacks molybdenum, giving a volatile chloride 
which readily alters in presence of the moisture of the air, becom- 
ing blue. This reaction takes place with most of the compounds 
of molybdenum: Metal, oxides, sulphide, molybdic acid and 
molybdates; it can be used as a rapid detection of metallic 
molybdenum and its compounds. It is made in the following 
manner : In a test-tube there is placed a piece of the substance to 
be tested, a little phosphorus pentachloride is added and slowly 
warmed. Reddish vapors of chloride and oxychloride of molyb- 
■denum appear and condense in more or less dark brown rings. 
When the quantity of molybdenum is very small, the rings are 
-scarcely visible. It is only necessary to allow it to stand a few 
minutes in a moist place when an intense blue color, due to the 
formation of a hydrated chloride, appears. 

The action of the hali^en acids on pure molybdenum is much 
the same as on cast molybdenum. Their action has been described 
by various observers: Bucholz, Berzelius, Debray, We would 
mention that while hydrofluoric acid does not attack molybdenum 
it is only necessary to add a drop of nitric acid in order to start 
the action, when it proceeds energetically. In presence of a 
mixture of equal parts of the two acids, solution is complete; a 
rose-colored liquid is formed which, vnth ferrocyanide, gives 
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an intense red-brown coloration, but no precipitate. After several 
hours the mass becomes gelatinous. 

In a current of nitrogen at 1200° molybdenum, in lumps or in 
powder, does not form nitride. 

Phosphorus heated to the fusing-point of glass has no action 
on it. 

Boron unites with molybdenum at the temperature of the elec- 
tric furnace, giving a fused mass of an iron-gray color, containing 
géodes lined with prismatic needles. Under the same conditions, 
silicon gives a crystalline silicide, infusible in the oxyhydrogen 
blowpipe. The action of carbon is worthy of note. We have de- 
scribed the action of carbon on liquid molybdenum and will not 
review it. 

Pure molybdenum, such as we have described, is somewhat soft, 
is easily filed and does not scratch glass. If a piece of molybdenum 
is heated for some hours, to about 1500** in a mass of powdered 
carbon, it is cemented, takes up a small quantity of carbon and its 
hardness increases. Pure molybdenum, heated in a current of 
oxygen, does not render baryta water turbid. When the metal has 
been cemented, it gives a white precipitate of barium carbonate 
when heated to redness in a current of oxygen. It can then 
scratch glass. By heating to about 300°, and quickly plunging into 
cold water, it is tempered, and becomes so hard that it scratches 
quartz crystals. On the other hand, a piece of crude molybdenum 
containing 4 per cent, of carbon, and possessing great hardness 
and brittleness, when heated for several hours in a layer of mo- 
lybdenum dioxide was refined and its surface could be filed and 
polished. I attribute this decarbonization of the solid cast metal 
at a temperature far below its melting-point to the easy diflfusion 
of the vapors of molybdic acid through the metal. I think that 
these properties can find some application in metallurgy. 

When a metal is saturated with oxygen, as that obtained in the 
first period in the Bessemer process, the oxygen can be removed 
by adding manganese, which is more easily oxidized than iron, and 
passes into the slag (Troost and Hautefeuille). It has been pro- 
posed to use aluminum, which gives good results, since it combines 
readily with the oxygen ; but this metal is not convenient as it 
gives solid alumina. I think that molybdenum could be iisecf 
under the same conditions ; it would have the advantage : 
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1. Of forming a volatile oxide, molybdic acid, which is imme- 
diately evolved in gaseous condition, stirring up the entire mass. 

2. By using a slight excess, it would leave in the bath a metal 
as malleable as the iron and which, like it, can be tempered. 

Powdered molybdenum, which has been tried, does not give the 
same results, as it rapidly bums on the bath in contact to the air, 
without performing any useful action. 

Anai^ysis of Pure Moi^ybdenum. 

II. 13. 13. 14. 

Molybdenum 99.98 99.37 99.89 99.78 

Carbon 0.00 o.oi 0.00 0.00 

Slag 0.13 0.28 0.08 0.17 

C0NC1.USIONS. — Pure and fused molybdenum can be obtained 
in the electric furnace. The metal in pure condition has a density 
of 9.01. It is as malleable as iron ; in the cold it can be filed, and 
when heated can be worked. Heated in a layer of carbon, it is 
cemented and on tempering forms a steel of much greater hardness 
than pure molybdenum. Inversely, crude molybdenum heated in 
a mass of oxide loses its carbon, is refined and takes on the proper- 
ties of pure molybdenum. 

In presence of an excess of carbon, molybdenum in the electric 
furnace gives a definite carbide which is crystalline and stable, 
having the formula MogC. 

D. TuDgsten 

On the 29th of May, 1893,^ I showed that crude tungsten 
could be prepared in large quantities in the electric furnace, and 
that it could be subsequently refined by fusing the metal in pres- 
ence of an excess of tungstic acid. 

Preparation of Crude Tungsten, — The mixture of tungstic acid 
and carbon is placed in a crucible in the electric furnace and in 
about ten minutes, with a current of 350 amperes at 70 volts, there 
is obtained a metallic fusion of about 120 grams. The hard, 
bright metal, thus prepared, has a white color, and a fine grain 
when no excess of carbon is present. On the contrary, samples 
3 and 4 had a micaceous appearance and contained plates of 
graphite. Four samples gave : 

I. 2. 3. 4. 

Total carbon 0.64 2.74 4.56 6.33 

^ H. Moiasan : '* Préparation, au four électrique, de quelques métaux réfractaires : 
tungstène, molybdène, vanadium,** Compt. rend.^ 106, 1225, May 29, 1893. 
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Preparation of Pure Metal. — Tungsten can be obtained in pure 
condition by directly heating in the electric furnace a mixture of 
tungstic acid and sugar carbon. The proportions used are the 
following: Pure tungsten acid, 800 grams; pulverized sugar 
carbon, 80 grams. This mixture contains an excess of tungstic 
acid. Tungsten, being a difficulty fusible metal, should be heated 
for ten minutes, with a current of 900 amperes at 50 volts. A 
mass is obtained which appears fused on the surface, but inside 
is porous, and only touches the carbon crucible in places. By 
avoiding the complete fusion of the metal, the carbon of the cruci- 
ble does not interfere, and the excess of tungstic acid is volatilized. 

Physical Properties. — Tungsten, prepared in the electric furnace 
as we have described, can be obtained entirely free from carbon. 
Deslandres, who was kind enough to examine it with the spectro- 
scope, found that the metal was very pure.^ When it is porous, 
like iron, it has the property of being welded by hammering 
much below its melting-point. It can be easily filed, and when 
free from carbon, does not scratch glass. 

A piece of malleable tungsten was heated in a crucible lined 
with wood charcoal, at the temperature of the forge for an hour 
and a half. The crucible containing the metal was surrounded 
by a titanium-containing layer to prevent the action of nitrogen. 
On cooling, the outside portion of the metallic lump contained 
carbon, and its hardness was so much increased that it scratched 
the ruby. Pure tungsten is thus readily cemented and this ex- 
plains the various results heretofore obtained when an attempt 
was made to fuse the metal. It is known that Riche has been able 
to fuse tungsten by carbonizing it in an arc given by 200 Bunsen 
cells. ^ Similarly, Siemens and Hutington^ have fused in very 
small quantities, in the electric furnace, tungsten containing 1.8 
per cent, of carbon. Pure tungsten is more infusible than chro- 
mium and molybdenum. 

The density of pure tungsten has been found to be 18.7. The 
metal exerts no action on the magnetic needle. 

Chemical Properties. — Fluorine attacks tungsten at the ordinary 

1 This tungsten, with the spectroscope, showed only very weak calcium lines. 

* Richie : *' Recherches sur le tungstène et ses composés," Ann. chtm. phys.^ 3* série, 

80, 5 (1857). 

s Siemens and Hutington : ** On the Electric Purnace," British Association, 1883 and 

Ann. chim. phys.^ 5e série, 30, 463 (1883). 
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temperature, with evolution of light giving a volatile fluoride. 
The action of the halogen adds has been studied in detail by Riche 
and Roscoe in 1S72,' so we did not repeat the work. 

Nitrogen and phosphorus do not combine with tungsten at 
redness. Heated in the eîectric furnace with silicon and boron, 
tungsten gives compounds having a crystalline metalhc appear- 
ance and which easily scratched the ruby. At 1200°, carbon 
dioxide is reduced by tungsten with the formation of the blue 
oxide and without depositing carbon. 

Fused tungsten is not perceptibly oxidized in moist air, but it 
is, in time, attacked by water charged with carbon dioxide. Sul- 
phuric and hydrochloric acids attack it only with difficulty ; the 
same is true with hydrofluoric acid, while a mixture of hydro- 
fluoric and nitric acids rapidly dissolves it. 

Oxidizing agents, such as lead dioxide and fused potassium 
chlorate, attack the pulverized metal with evolution of light. 

Fused sodium carbonate slowly dissolves it, but a mixture of 
carbonate and nitrate attacks it rapidly. 

Analysis. — The metal was fused with a mixture of alkaline 
nitrate and carbonate, and the tungsten was precipitated as mer- 
curous tungstate. 

From samples which could be easily filed and which did not 
scratch glass, the following analysis was obtained: 

Tungsten 99.7^ 99-^^ 99>^7 

Carbon 0.00 o.do 0,00 

Slag o.iS 0.09 

Tungsten Carbide. — When the heating is prolonged, in the 
preparation of tungsten, the metal completely fuses, attacks the 
crucible, unites with the carbide, giving a crude metal. We have 
shown the carbon content of these fusions. 

In the presence of an excess of carbon, tungsten forms a definite 
carbide having the formula W^C. This carbide is iron-gray and 
is very hard, scratching corundum deeply. Its density at 18° is 
16.06. It gives about the same reactions as the metal, but is 
more easily attacked than the latter. It takes fire in fluorine in 
the cold, bums at about 500° in oxygen, giving tungstic acid and 
carbon dioxide, and in the liquid condition readily dissolves car- 
bon which, on cooling, separates as graphite. Like the metal, 

• Roscoe ; Manchfsler Lit. Phil. Sac. Proc., i[, 79 (1673), 
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the acids attack it only very slowly, but tx)iling nitric acid easily 
dissolves it. 

Fused potassium chlorate, or a mixture of carbonate and nitrate 
oxidizes it with evolution of light. At redness it bums in nitrous 
and in nitric oxides. 

Analysis. — The total carbon was estimated by chlorine, and the 
graphite, separated from the amorphous carbon by fuming nitric 
acid, was weighed on a tared filter. The tungsten was precipi- 
tated as mercurous tungstate. 

Theoretical 
I. 2. 3. forWjC. 

Combined carbon 3.22 3.05 3.09 3.16 

Tungsten 96.60 96.78 96.95 96.84 

Tungsten Carbide. — By heating tungsten in the electric furnace 
with an excess of carbon, the carbide WgC is obtained. Williams* 
heated the following mixture in the electric furnace : 

Grams. 

Tungstic acid 120 

Petroleum coke 20 

Iron 150 

He obtained a well-defined carbide having the formula WC, 
mixed with a large quantity of iron and double carbide. This body 
was isolated by removing most of the impurities with the magnet, 
separating the graphite by its density and removing the last 
traces of impurities by chlorine. 

Analysis gave the following results : 

Theoretical 
I. 2. 3. for WC 

Tungsten 93.55 93.52 93.60 93.88 

Carbon 5.87 6.20 6.08 6.12 

Double Carbide of Iron and Tungsten, — On heating a mixture 
of tungstic acid, iron and petroleum coke in the electric furnace, 
Williams^ obtained a mixture of tungsten carbide and a double 
carbide of iron and tungsten. By means of the magnet, it is 
possible to separate the crystals, which are treated with aqua regia. 
The most of the crystals pass into solution while there re- 
mains a bright metallic powder which corresponds to the formula 
2Fe8C,3W2C. The slight difference observed in the analysis is 
due to a small quantity of a second double carbide which has not 
been entirely separated. Analysis gave : 

1 p. WiUiams : Compt. rend., ia6, 1733. 
« P. Williams : Ibid., 137, 430. 
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Theoretical for 
I. 2. 3. aPeaCjSWjC. 

Tungsten 72.0 71.4 71.3 73.6 

Iron 23.1 23.5 23.8 22.4 

Carbon 3.8 4.2 ... 4.0 

CoNCivUSiONS. — ^Tungsten is readily prepared in the electric 
furnace by reduction of tungstic acid with carbon. If the melting- 
point is not reached, the metal can be obtained in a very pure con- 
dition. 

By working in presence of an excess of carbon or by fusing 
the metal in a carbon crucible, there is obtained a definite carbide 
of the formula W2C, which dissolves carbon and again deposits it 
as graphite. 

Pure tungsten can be filed and worked ; it is readily cemented, 
■does not act on the magnetic needle and has a higher melting- 
point than chromium or molybdenum. 

£. Uranium 

Metallic uranium was obtained for the first time by Péligot^ by 
reducing uranium chloride with potassium in a platinum crucible. 
In this preparation a gray powder is obtained in which some small, 
metallic globules are found. 

Different investigators have slightly modified this reaction, and 
in 1886 Zimmermann^ undertook the study of the properties of 
uranium and obtained the metal by reduction of uranium chloride 
with sodium. The metallic globules obtained in this preparation 
were few in number. Their fusion was due to the intense heat 
developed by the action of the alkali metal on the chloride. We 
repeated all of these experiments. When a platinum crucible is 
used, the uranium is always contaminated by this metal. In Zim- 
mermann's preparation, the uranium contains about 2 per cent, 
of iron and a small quantity of sodium. Moreover, when this 
method is employed the entire uranium powder contains nitrogen 
and frequently oxygen. 

We will show later that metallic uranium has a much greater 
affinity for nitrogen than has been known. We thought that this 
action of the alkaline metals could be made under better conditions 
by use of a double compound of sodium and uranium. 

Preparation of the Double Chloride of Uranium and Sodium, 

1 Peligot : "Recherches sur l'uranium," Ann. chtm. phys., 3e série, 5 (1842). 
^ Zimmermann : Ann. Chem. (I^iebig), ai3, 390, and ai6, i. 
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UCl4,2NaCl. — When the vapors of uranium chloride are allowed 
to act on sodium chloride at a low-red heat, a double chloride is 
obtained which, on cooling, assumes a crystalline appearance, has 
an apple-green color, melts at about 390°, is soluble in cold water 
and is decomposed by alcohol. 

This preparation is readily carried out in a tube of Bohemian 
glass by preparing at one end uranium chloride by the action of 
chlorine or uranium carbide and conducting this chloride over 
pieces of sodium chloride heated to dull redness at the other end of 
the tube. The solid alkaline chloride becomes colored by absorp- 
tion of the vapors of uranium chloride, then fuses. Uranium 
chloride, UCI4, has great affinity for water, fumes in the air and 
is difficult to handle. On the contrary, the crystalline double chlo- 
ride is much less hygroscopic and does not decompose so readily. 
When fused, it becomes a stable liquid which, apparently, gives off 
no vapors. 

Reduction of the Double Chloride by the Alkaline Metals. — The 
reduction was made in a cylinder of thick iron closed by a screw- 
plug. Alternate layers were made of a mixture of 300 grams of 
the double chloride and 100 grams of freshly cut sodium. The 
apparatus was closed and placed in a good wood fire where it was 
heated for twenty-five minutes. The heat evolved in the reaction 
was sufficiently great to raise the tube to a white heat in a few 
minutes. On cooling, the cylinder was opened, and the pulveru- 
lent material which it contained was first treated with 96 per cent, 
alcohol to remove the excess of sodium, then quckly washed with 
cold water which had been previously boiled, and finally with alco- 
hol and ether. 

Preparation of Uranium in the Electric Furnace, — At the 
highest temperatures of our ordinary furnaces the various oxides 
of uranium are not reduced by carbon. This is not true at the 
high temperatures which can be reached in the electric furnace. 

To obtain the metal, uranium nitrate which can be prepared 
very pure, is heated in a porcelain dish^ when the green oxide is 
obtained which corresponds to the formula U3O8. This oxide is 
mixed with sugar carbon and strongly pressed in a carbon crucible. 
On submitting this mixture in the electric furnace, to the action of 
an arc of 450 amperes at 60 volts, reduction is effected in a short 

1 See later the '• Preparation of Uranium Carbide." 



time. On cooling, the crucible is found to contain a metallic lump 
having a bright fracture. The yield of uranium in this prepara- 
tion is good. An experiment twelve minutes long gives a lump of 
200 to 220 grams. By this means a crude metal is obtained whose 
carbon content varies with the excess of oxide or carbon in the 
mixture. Qualitative analysis of the first samples showed only 
uranium, carbon and a little nitrogen. Various determinations 
gave the following results : 

I. 2. 3- 4. 5- 

Uranium 86. 25 89.46 89. 10 95.70 97 .60 

Carbon 13.50 11.03 10.24 5'02 2.06 

In another series of experiments, we used the following mixture : 

Grams. 

Uranium 500 

Sugar carbon 40 

About 500 grams of this mixture were placed in a carbon crucible 
and heated in the electric furnace for seven or eight minutes with 
a current of 800 amperes at 45 volts. A fused ingot of 350 grams 
was obtained. The metal prepared under these conditions, if the 
heating has been well conducted, contains little or no carbon. On 
the other hand, a small quantity of oxide can be found in a burned 
metal of which the physical properties are considerably changed. 
If the heating lasts too long, the metal readily carbonizes, becomes 
saturated, forming the crystalline carbide UgCg. In order to pre- 
vent the action of nitrogen, it is well to make the experiments in 
a carbon tube which is closed at one end, in the manner previously 
described. 

Refining the Crude Uranium in the Forge, — When a uranium 
is prepared which contains o.i to 0.5 per cent, of carbon by the 
above proceeding, the outside surface of the pieces can be refined 
by heating it in the forge for several hours in a layer of the green 
oxide of uranium. To make this experiment, the crucible which 
contains the oxide of uranium and the metal is placed in another 
crucible which is filled with finely powdered titanium-containing 
material. The omission of this precaution gives a yellow-colored 
metal covered with nitride. 

Preparation of Metallic Uranium by Electrolysis. — The double 
chloride of uranium and sodium that we described is very easily 
electrolyzed. At the negative pole it gives â sponge of uranium 
which often contains small crystals of the metal. To make the 
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operation regular there should be a difference of potential of 8 
to lo volts. We generally used a current of 50 amperes. The 
bath is kept liquid by the action of the heat of the current. 

The electrolysis was made by means of electrodes of pure car- 
bon and the chloride was placed in a cylindrical porcelain vessel. 
This vessel was closed by a glazed porcelain plate through whidi 
passed the two electrodes and a glass tube bent at right angle. 
The latter permitted the introduction of a current of a dry hydro- 
gen free from nitrogen, on top the fused salt. After becoming 
perfectly cool, the contents of the crucible were treated with ice 
water and quickly washed with alcohol, since very finely divided 
uranium decomposes water at the ordinary temperature. This 
uranium was crystalline ; some parts which were close to the elec- 
trodes appeared as good crystals, i mm. long. 

When an iron electrode is used, it is possible to obtain, by tliis 
proceeding, silver-white alloys of uranium and iron, which can be 
easily filed and which have a fine grain. 

Physical Properties, — When uranium is quite pure, its color is 
absolutely white, less blue than iron, and can take on a polish. 
If the metal is yellow-colored it is always possible to detect the 
presence of nitrogen. Pure uranium is easily filed, it does not 
scratch glass; can be slowly carbonized when gently heated in a 
layer of carbon and then can take a temper. When it is entirely 
free from iron, it is not magnetic ; we have already drawn attention 
to this point. Uranium can be distilled in the electric furnace 
and can be collected by condensation of the vapor in small metal- 
lic spheres free from carbon, which do not act on the magnetic 
needle. 

Chemical Properties, — Finely powdered uranium, prepared by 
electrolysis, takes fire in fluorine, bums brightly, and gives a 
green-colored volatile fluoride. Chlorine attacks it at 180®; 
bromine at 210°, both with evolution of light. The same reaction 
takes place in iodine vapor at about 260**, with formation of 
uranium iodide. All of these reactions are complete. The metal 
obtained by Zimmermann was not attached by iodine vapor and in 
a current of chlorine gave an incomplete reaction, leaving consider- 
able residue in the boat. 

Hydrochloric acid gas attacks uranium with evolution of light 
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at dull redness, giving a stable chloride, which, with water, gives 
a green soluticwi. Hydriodic acid attacks it at redness. 

Finely powdered uranium bums in pure oxygen at a tempera- 
ture of 170**, forming dark green oxide. When fused uranium is 
thrown on porcelain, or when the fragments are shaken in a 
glass flask, it emits bright sparks by combustion of a small quan- 
tity of the metal. It shows in this case, but with greater brilliancy, 
a phenomenon analogous to the combustion of particles of iron 
which takes fire by simple friction in the air. It is possible to use 
this fused uranium to make tinder boxes or fuses, since it gives 
good sparks, is rich in carbon and is friable. I think that it would 
be better to substitute for the crude uranium an alloy of iron and 
uranium containing a small quantity of carbon. 

Uranium reacts with sulphur, at about 500°, forming a black 
sulphide which is slowly attacked by hydrochloric acid, giving 
hydrogen sulphide. It combines with selenium with evolution of 
light. As we have already remarked, uranium unites with nitro- 
gen with great energy. Pieces of the metal heated in a current of 
nitrogen to 1000° are covered with a yellow layer of nitride. 
Powdered uranium acts on ammonia gas at dull redness without 
evolution of light, giving hydrogen gas, and leaving a black, 
crystalline powder whose investigation we reserve. Very finely 
powdered, pure uranium slowly decomposes water at the ordinary 
temperature and more rapidly at 100°. In this property it closely 
resenibles iron. Troost and Hautefeuille have shown that re- 
duced iron decomposes water at its boiling-point. Fused uranium 
becomes covered with a layer of oxide in contact with water, and 
the action is increased by the presence of carbon dioxide. 

Ancdysis, — In all of our work, the uranium was separated and 
weighed as the oxide UgOg and the carbon as carbon dioxide. 

The double chloride of uranium and sodium on analysis gave 
the following results : 

I. 2. 3. Theoretical. 

Uranium 47.9 47.7 48.20 48.08 

Sodium •.. 10.10 9.21 

Chlorine 42.3 42.4 42.01 42.68 

Metallic uranium, prepared by sodium, gave : 

X. 2. 

Urcmium 99>4o 99-28 

The Specimens always contained traces of alkali metals. 
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The metal prepared in the electric furnace contained : 

I. 3. 3. 4. 

Uranium 99. 121 99. 106 99.021 99*520 

Carbon o. 168 0.601 i .356 0.005 

Slag 0.187 0.204 0.303 0.42 Ï 

Uranium, prepared by electrolysis, gave : 

I. 2. 

Uranium 99.27 99.48 

Insoluble in nitric acid u.52 0.27 

Conclusions. — Metallic uranium can be obtained either by 
decomposing the double chloride of uranium and sodium, or by 
the electrolysis of the same compound, or better by the reduction 
of uranium oxide with carbon in the electric furnace. These three 
methods give good yields, and we had occasion in our investiga- 
tions to prepare more than 15 kilograms of metallic uranium. 
Uranium can be obtained crystalline; the pure metal has proper- 
ties which closely resemble iron ; it can be filed, carbonized, tern 
pered and oxidized like it. It combines with oxygen more readily 
than does iron; in fine powder it slowly decomposes cold water; 
its action on the halogens is also more energetic. 

It possesses a powerful affinity for nitrogen, and if, in its 
preparation, the greatest precautions are not taken to avoid the 
action of this element, it will always contain some. 

The metal, when free from iron, has no action on the magnetic 
needle and is considerably more volatile than iron in the electric 
furnace. 

F. Vanadium^ 

The work of Roscoe has shown how difficult the preparation of 
this element is. This chemist has shown that by reduction of 
vanadic acid with carbon only a silicide is obtained, which is 
scarcely fusible at the temperature of the wind furnace. Roscoe 
was able to surmount the numerous difficulties which this prepara- 
tion presented, and by reducing vanadium dichloride with pure 
dry hydrogen obtained metallic vanadium. He observed, neverthe- 
less, that the metal obtained in form of a powder still contained a 
small quantity of oxygen and 1.8 per cent, of hydrogen. 

The preparation of crude vanadium is one that has presented 
the greatest difficulties in the electric furnace. We began with 
pure ammonium metavanadate which, on roasting, gives a yellow- 

» Compt. rend., 116, 1225» May 29, 1893, and laa, 1297, June 8, 1896. 
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brown and rather easily fusible, vanadic oxide. This oxide was 
mixed with sugar carbon, and when placed in an arc of several 
centimeters produced by a current of 350 amperes at 70 vohs, was 
not reduced. The arc must be allowed to play in contact with the 
powder and the operation must be continued twenty minutes in 
order to obtain, and only on the surface of the mixture, small me- 
tallic granules the size of a pea. We then used an arc of much larger 
current. By using an arc furnished by a 1 50-horse-power dynamo 
giving 1000 amperes at 70 volts, we were able to obtain complete 
reduction of the oxide and the fusion of the carbide at the same 
time. 

The content of total carbon in the fusions containing graphite, 
prepared under these conditions, is as follows : 

I. 2. 3« 

Carbon 25.47 25.68 17.56 

Thanks to Heern who placed at our disposal a considerable 
quantity of ash from a vanadiferous coal,^ I have been able to 
continue and extend the work. 

Treatment of the Vanadiferous Ash. — The ashes mixed with 
pieces of coal which was given to me contained 8 to 10 per cent, 
of vanadic acid. They were roasted in a muffle to destroy all the 
carbonaceous matter. The content of vanadic acid was thus raised 
to 38 per cent. 

500 grams of the ash were placed in a 2-liter flask and treated 
on a sand-bath with nitric acid, to which a small quantity of 
hydrochloric acid was added from time to time. It was taken up 
with water and the insoluble residue washed. After filtration 
through a linen cloth, all of the filtrates were united and evapo- 
rated to dryness ; the residue was taken up with 10 per cent, ammo- 
nia and gave a solution of ammonium vanadate, which was con- 
centrated, then precipitated with nitric acid when crude vanadic 

^ M. Mourlot has given as the analysis of this ash the following figures : Compt. rend.^ 

117. 546. 

Portion soluble in acids : Portion insoluble in acids : 

Vanadicacid 38.5 Silica 13.6 

Sulphuric acid 12.1 Alumina 5.5 

Phosphoric acid 0.8 Ferric oxide 9.4 

Ferric oxide 4.1 MagneMa 0.9 

Alumina 4.0 

Lime 8.44 

Potassium oxide 1.8 

69.74 



29.4 
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acid was obtained. The insoluble residue was extracted a second 
time with lo per cent, ammonia; it gave additional vanadate, 
which was similarly treated with nitric acid. 

The crude acid thus obtained was purified according to the 
method of L'Hôte.^ The vanadium was converted into vanadyl 
chloride and the latter decomposed by water. Vanadyl chloride 
was obtained at 250° and was purified by fractionating 150 grams 
from a bulb. The vanadyl chloride distilled at 126.5**, the boiling- 
point given by L'Hôte. By decomposing with water pure vanadic 
acid was obtained, which was carefully dried. 

Preparation of Crude Vanadium, — ^Vanadic anhydride was 
mixed with finely pulverized sugar carbon in the following pro- 
portions : 

Grams. 

Vanadic anhydride 182 

Sugar carbon 60 

Three hundred grams of this mixture were heated in the elec- 
tric furnace with a current of 900 amperes at 50 volts. The length 
of the experiment was five minutes. A highly carbonized 
vanadium was obtained which, on analysis, gave the following 
figures : 

I. 2. 3- 4. 5. 

Carbon 10.5 13.8 11.6 16.2 15.9 

In another series of experiments we used vanadic anhydride 
(100 parts) and carbon (20 parts) and obtained fusions which 
contained : 

I. 2. 3- 

Carbon 9.9 9.2 9.83 

All of these experiments were made in carbon tubes. It was 
necessary to employ an intense current for a very short time, 
since the anhydride fuses easily and adheres to the tube, in which 
case it carbonized rapidly. 

When we tried to refine the crude vanadium all our attempts 
were fruitless on account of the ready liquefication of the vanadic 
acid. The work of Roscoe has demonstrated that the preparation 
of vanadium is one of the most difficult in inorganic chemistry. 

The strong affinity of vanadium for nitrogen seems to increase 
the difficulties. It is necessary to heat to a very high temperature 
in order to destroy the nitride. 

* VHÔte : Ann. chtm. phys.^ 6* série, aa, 407 (1891). 
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By heating pure vanadic acid for two minutes in a carbon tube, 
with a current of 1000 amperes at 60 volts, and by taking care 
to have an atmosphere of hydrogen in the tube, we were able to 
obtain vanadium which contained only 5.3 to 4.4 per cent, of car- 
bon. Another sample heated three minutes contained 7.42 per 
cent, carbon. 

Properties of Crude Vanadium, — ^Vanadium containing 5 per 
cent, of carbon has a white color, a bright, metallic fracture, does 
not oxidize in the air and has a density of 5.8 at 20°. Roscoe 
found 5.5 as the density of vanadium, which contained traces of 
oxygen and 1.3 per cent, of hydrogen. Crude vanadium takes 
fire at redness in oxygen. Chlorine attacks it at dull redness 
without evolution of light. Nitrogen readily combines with it 
and, in general, this vanadium is more easily attacked by acids 
than the definite carbide of which we shall speak later. Hydro- 
chloric acid does not attack it either cold or hot, while boiling 
concentrated sulphuric acid attacks it very slowly; as its other 
properties are similar to those of the vanadium of Roscoe, we will 
pass on. 

Preparation of Vanadium Carbide. — When vanadic anhydride 
mixed with sugar carbon is heated in a carbon tube in the electric 
furnace for nine or ten minutes, with a current of 900 amperes 
at 50 volts, a metallic fusion of a definite carbide of vanadium is 
obtained, which at the moment of solidification deposits a small 
quantity of graphite.^ 

Properties of Vanadium Carbide, — Vanadium carbide, VC, is 
volatile when strongly heated in the electric furnace. Its melting- 
point is a little higher than that of molybdenum. In the liquid 
condition it has a metallic appearance. Its density is 5.36 and it 
scratches quartz with ease. It appears in well-formed crystals. 
Chlorine attacks it above 500** with evolution of light and gives a 
readily volatile, liquid chloride. It bums in oxygen at dull redness 
with evolution of light. It does not combine with sulphur at the 
melting-point of glass. Nitrogen and ammonia attack it at 
redness with formation of the nitride. At dull redness it does not 

1 In an experiment made in a crucible, a piece of lime, from the arch of the furnace, 
fell into the crucible, and formed a mixture of vanadium carbide and calcium carbide. 
This compound is not permanent in the air and g^ves vanadium carbide vrhich appears in 
distinct isolated crystals. The excess of lime was removed by acetic acid and the dry 
mixture treated with methylene iodide to effect the removal of some crystals of graphite, 
by difference in density. 
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act on hydrochloric acid gas, water vapor or hydrogen sulphide. 
Hydrochloric and sulphuric acids do not attack it, while it reacts 
with nitric acid in the cold. 

Oxidizing agents, such as fused potassium nitrate and chlorate, 
decompose it at dull redness. With the chlorate, light is evolved. 

Analysis. — ^Vanadium carbide, on analysis, gave the following 
results : 

Theoretical 
I. 2. for VC. 

Carbon 18.39 18.42 18.98 

Vanadium 81.26 80.79 81.01 

Alloys of Vanadium, — Notwithstanding its high melting-point, 
vanadium readily forms alloys. We studied some of them. When 
a mixture of iron oxide, vanadic anhydride, and sugar carbon, in 
the proportion to form an alloy containing 20 per cent, of 
vanadium, is heated for three minutes in the electric furnace with 
a current of 900 amperes at 50 volts, there is obtained a homo- 
geneous fusion, gray-white in color and having a crystalline frac- 
ture. The alloy is brittle, but can be filed. It contained : 

Iron 72.96 

Vanadium 18. 16 

Carbon 8.35 

A mixture of vanadic anhydride, copper oxide and carbon, in 

the ratio to form an alloy containing 5 per cent, of vanadium gave, 

under the same conditions in the electric furnace, a well-fused 

mass of a bronze color which was very malleable, could be easily 

filed and was harder than copper. It contained : 

Copper 96.52 

Vanadium 3.38 

It is possible to prepare an alloy of aluminum and vanadium by 
fusing aluminum in clay crucible, and throwing on its sur- 
face a mixture of vanadic acid and aluminum filings. The latter 
metal acts as a reducing agent; a bright light is produced, and 
on stirring the mass, a soft and malleable aluminum vanadium 
alloy is obtained, which can be filed. This alloy contained 2.5 
per cent, of vanadium. 

In another experiment we heated in the electric furnace a 
mixture of reduced silver with quantities of vanadic anhydride 
and carbon to form a 10 per cent, alloy. Length of heating, three 
minutes with 900 amperes at 50 volts. A metallic ingot was ob- 
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tained which was formed of two layers; the one was vanadium 
without a trace of silver, and below was silver with a pure white 
color which, after solution, gave no reaction for vanadium. These 
two elements are consequently without action on each other. 

Conclusions. — By reducing vanadic acid with carbon in the 
electric furnace, it is possible to obtain readily and in large quan- 
tities a fusion of vanadium containing 4 to 5 per cent, of carbon. 
If it is heated very long, there is always obtained a definite and 
crystalline carbide having the formula VC. This compound does 
not act on water at the ordinary temperature and is more stable 
in presence of acids than the crude vanadium. At the temperature 
of the electric furnace, vanadium can unite with iron, copper and 
aluminum, while it does not form an alloy with silver. 

In general, its properties are nearer those of the non-metals 
than of the metals ; its carbide resembles titanium and zirconium 
carbides, which have similar formulas. 

G. Zirconium 

Fused zirconia is easily reduced by carbon in the electric fur- 
nace. If a large quantity of zircon is heated in a carbon crucible, 
after the action of the arc, there is found, under the fused zirconia, 
a button of metallic zirconium which contains neither carbon nor 
nitrogen, but does contain variable quantities of oxide. 

On the other hand, by mixing zirconia with an excess of carbon 
a metallic-appearing body was obtained, having a bright fracture, 
containing no nitrogen, and which, on analysis, gave the following 
results : 

I. 2. 3. 

Carbon 4.22 4.60 5.10 

It is necessary to re-fuse this carbide in presence of an excess of 
liquid zirconia in order to refine it and obtain metallic zirconium. 
It is a very hard body, easily scratching glass and ruby. Its den- 
sity has been found to be 4.25, which is very close to that of the 
zirconium of Troost, who has given 4.15 as the density of this 
element. Moreover, the properties of this metal have been very 
carefully studied by this investigator and we have nothing to add 
to the paper which he has published on this subject.^ 

Zirconium Carbide. — In connection with Lengfeld, we have 

1 Troost : " Recherches sur le zirconium," Compt. rend., 6i, 109 (1865). 
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Studied a definite and crystalline compound of zirconium and 
carbon. 

Preparation of the Zirconia, — ^The various methods heretofore 
described for obtaining pure zirconia present great difficulties when 
it is desired to work with a large quantity of zircon (zirconium 
silicate). We modified the preparation in the following manner: 
Picked zircon was reduced to powder, mixed with sugar carbon, 
and heated in the electric furnace for ten minutes with a current 
of 1000 amperes at 40 volts. Silicon, being much more volatile 
than zirconium as we have before shown, is vaporized in the 
beginning and there remains a well-fused metallic-appearing 
mass composed mainly of zirconium carbide which contains only 
a small quantity of silicon. This impure zirconium carbide is 
attacks at red heat by a current of chlorine. A mixture of zirco- 
nium, iron and silicon chlorides is formed. The quantity of silicon 
chloride was so small that no condensation of the liquid was 
noticed. These chlorides were treated with boiling concentrated 
hydrochloric acid, when quite pure zirconium chloride separated. 
It was collected and washed with concentrated hydrochloric acid, 
then dissolved in water, treated with hydrochloric acid, and 
evaporated to dryness. Care must be taken not to raise the 
temperature too high. The residue was taken up in distilled water 
and precipitated by ammonia. A completely white hydrate was 
obtained, which was quite free from iron and silicon. It was then 
roasted in the Perrot furnace. 

The anhydrous zirconium oxide was mixed with sugar carbon 
and oil, pressed into cylinders, and heated. The mixture was 
placed in a carbon tube, closed at one end and heated for ten 
minutes in the electric furnace with a current of 1000 amperes 
at 50 volts. A portion of the zirconium volatilized at the begin- 
ning of the fusion. As is seen, the heat must be very strong, and 
it is only in the hottest part, that is, the bottom of the tube, that 
either a small button or metallic globules are found. It frequently 
happens that the carbon tubes cannot resist this high temperature; 
they are perforated or cracked, and zirconium carbide obtained 
under these conditions contains calcium carbide from the interior 
of the furnace, and it crumbles in the air. This reduction was 
made with the varying quantities of carbon and always gave the 
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same product. When the mixture was heated with a less-intense 
•current, the carbide obtained contained nitrogen. 

Properties. — ^Zirconium carbide has a gray color, metallic ap- 
pearance and does not crumble in dry or moist air, even at 100 ** ; 
it easily scratches glass, but is without action on the ruby. 

The halogens readily attack the carbide; fluorine, in the cold, 
chlorine at 250** with evolution of light, bromine at 300° and 
iodine at 400**. 

At dull redness it burns in oxygen with a bright light. Heated 
with sulphur, the latter is volatilized without forming a combina- 
tion. At dull redness, in the vapor of sulphur, it g^ves a small 
•quantity of sulphide. 

Zirconium carbide, kept liquid in the electric furnace, dissolves 
•carbon which it deposits, on cooling, as graphite. Water and am- 
monia are without action on it, either at the ordinary temperature 
or at dull redness. 

Hydrochloric acid, dilute or concentrated, has no action even 
at the boiling-point. Dilute nitric acid slightly attacks it, but the 
concentrated acid acts violently on it if the temperature is raised. 
Concentrated sulphuric acid and aqua regia decompose it slowly 
in the cold, more rapidly in the warm. 

Oxidizing agents, such as potassium nitrate, permanganate and 
chlorate energetically attack it; the chlorate gives an explosive 
reaction. 

At its melting-point, potassium cyanide is without action, while 
fused potash dissolves it somewhat readily. 

Analysis. — Estimation of the Zirconium. — The zirconium was 
estimated in the following manner : 

(i) The carbide was attacked by fusion with a mixture of 
potassium nitrate and hydroxide. The fusion was taken up in 
water, hydrochloric acid added and the oxide precipitated with 
ammonia, ignited and weighed. 

(2) The carbide was directly burned in a current of oxygen 
and the oxide of zirconium directly weighed. 

Estimation of the Carbon. — The carbide was heated to redness 
in a current of chlorine and the residue weighed, giving the amor- 
phous carbon. The residue not attacked consisted of pure graphite 
and the difference between its weight and that of the carbon gave 
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the weight of the combined carbon.^ The results obtained were 
as follows: 

I. 2. 3. 

Zirconium 83.00 82.8 86.1 

Combined carbon 10.70 10.3 

Graphite •• 6.00 8.76 

By calculating without the graphite, the ratio of zirconium and 
combined carbon becomes : 

Calculated 
I. 2. for ZrC. 

Zirconium 88.6 88.7 88.3 

Combined carbon 11.4 11. 3 11. 7 

Conclusions. — Pure zirconia and carbon, when heated in the 
electric furnace outside of the arc, give zirconium carbide having 
the formula ZrC,^ well crystallized and not decomposed by water 
between 0° and 100°. This fact is curious, since zirconium, in 
the classification of Mendeléeff, approaches thorium; its carbide 
is very stable, while the carbide of thorium decomposes cold water 
with formation of acetylene, ethylene, methane and hydrogen. 

H. Titanium 

Titanium is better known combined than in free condition. It 
has been obtained only in the form of an amorphous powder, 
whose appearance and properties have varied with each prepara- 
tion. 

In the first method, devised by Berzelius, potassium is made 
to act on an alkaline fluotitanate. Under these conditions a 
reddish powder is obtained which later has been shown to be only 
a nitride. 

Wohler^ and later Wohler and Deville,* causing sodium to act 
on potassium fluotitanate in a current of hydrogen, prepared 
another powder of a gray color, which they regarded as titanium, 
and which decomposed water at 100**. 

1 We attempted to estimate the combined carbon by treating the carbide with fuming 
nitric acid and passing the evolved gas over red-hot copper : the carbon dioxide wa» col- 
lected in a potash tube and weighed. The figures obtained were not concordant ; organic 
compounds always appeared, which were only slowly destroyed by fuming nitric acid. 

« We presented our first work on zirconium to the Academy of Sciences, May 99, 
1893 (Compt. rend., 116, 1222). At the same session, Troost presented a study on the same 
subject and showed the existence of a carbide, ZrCg, obtained with a current of low inten- 
•ity (35 amperes at 70 volts), but operating in the arc. 

• Wohler : Ann. chim. phys.^ 3e série, 29, 166. 

* Wôhler and Deville : Ibid., 3e série, ja, 92. 
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Recently Kern/ by action of the vapor of titanium chloride 
at redness in a current of hydrogen on sodium placed in a boat, 
obtained another powder which did not decompose water at 500**. 
Moreover, none of the authors of these works have given the 
analysis of the titanium which was always furnished by the re- 
duction of a titanium compound with an alkali metal. The power- 
ful affinity of titanium for nitrogen and the g^eat difficulty of 
having a continuous current of hydrogen absolutely free from 
nitrogen greatly complicated this preparation. The specimens 
previously obtained all contained potassium or sodium, and silicon, 
oxygen, nitrogen and hydrogen. 

Following our reduction of the oxide of uranium, silica and 
vanadic acid, by carbon in the electric furnace, we undertook the 
study of titanium. 

When titanic acid in a crucible or in a carbon boat is heated in 
the electric furnace, with a current of 100 amperes at 50 volts 
(8-horse-power dynamo), a fused or crystalline indigo-blue 
titanium oxide is obtained. If the experiment is repeated with 
a current of 300 to 350 amperes at 70 volts (40-horse-power) a 
yellow, bronze-colored mass is obtained, partially fused. This is 
the titanium nitride, TigNg, of Friedel and Guérin. 

In order to prepare titanium the temperature must be much 
higher. With a 45 -horse-power dynamo, by varying the condi- 
tions of the experiment, we never obtained more than nitride. 
The preparation is impossible if the temperature is not above that 
of the decomposition point of titanium nitride. 

When a mixture of titanic acid and carbon is heated in a carbon 
boat with an arc of 1200 amperes at 70 volts (by means of the 
electric furnace for tubes) a fused mass is obtained which, on 
cooling, has a distinct crystalline appearance and is composed of 
titanium carbide, TiC, entirely free from nitrogen. 

When a mixture of titanic acid and carbon, without having the 
latter in excess, is heated in a crucible with the same arc, on 
cooling there is obtained a fusion whose upper portion, to a depth 
of 2 cm. to 3 cm., is fused and formed of crude titanium having a 
bright fracture and a varying content of carbon. 

Under these conditions titanium nitride cannot exist, and only 
more or less carbonized titanium is present. These successive 

1 Kern : Chem. News^ 33, 57 (1876) and Bull. Soc. Chim., a6, 265 (1876). 
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actions of a more and more powerful arc, on a mixture of titanic 
acid and carbon, appear to be a decisive proof that the increase 
of temperature of the electric furnace is a function of the current. 
This study, by demonstrating that the powerful heat of the arc 
increases with the electrical intensity, increases the number of 
experiments to be undertaken in this direction. , 

Preparation of Titanitim. — For titanic acid well-crystallized and 
carefully picked rutile from Limoge can be used. It contains only 
a small quantity of silica and iron. In this case the titanium 
obtained is not pure. It contains i to 2 per cent, iron and a 
little silicon. 

Instead of the natural product, titanic acid prepared in the 
laboratory was substituted. This compound was intimately mixed 
with carbon, compressed and carefully dried. This mixture was 
packed into a cylindrical carbon crucible, 8 cm. in diameter, and 
placed in an electric furnace. Thirty to 40 grams were 
thus operated on. An arc of 1000 amperes at 60 volts was allowed 
to play for ten or twelve minutes; the current was interrupted, 
the apparatus allowed to cool and then the furnace was opened* 
The crucible contained a homogeneous mass which was liquefied 
only to a depth of a few centimeters. This material was covered 
with a yellowish layer of fused titanic acid. 

If a current of 2200 amperes at 60 volts is used, the quantity of 
titanium obtained is greater, but the fusion of the entire mixture 
in the crucible is not complete. Each experiment gave about 200 
grams of titanium. Under the fused titanium there was found a 
layer of more or less crystalline, yellow nitride and on the bottom 
of the crucible another layer of blue titanium oxide bristling with 
little crystals. These layers of various composition are a proof of 
the rapid lowering of the temperature from the surface to the 
bottom of the crucible. 

The fusion of titanium obtained under these conditions is more 
or less rich in carbon, according to the proportion of titanic acid 
and carbon. We obtained the following results : 

I^ength of 
'leatinff. 
Min. Per cent. Per cent. 

Rutile and carbon 1000 70 15' 15.3 3.3 

«« «« «« I2CX) 70 12' II. 2 2.0 

«« «« «« 1000 60 12' 8.2 2.4 

Titanic acid and carbon iioo 70 i</ 7-7 4«5 

Titanium carbide and titanic acid 2000 60 9^ 4.8 2.1 



Amperes. Volts, heatinff. Carbon. Ash. 

— I. Per - 
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This fusion of titanium can be mixed with titanic acid, then 
heated again in the electric furnace with an arc as intense as 
before. Under these conditions, especially if care is taken to 
work rapidly in order to avoid the carbonizing action of the arc, 
a titanium containing neither nitrogen nor silicon is obtained, and 
only containing as impurity about 2 per cent, of carbon. Hereto- 
fore it has not been possible to obtain so low a content. 

Properties. — Titanium, prepared under these conditions, ap- 
pears as a fused mass, with a bright white fracture, hard enough 
to scratch quartz and steel, yet brittle and can easily be reduced 
to powder in a steel and then in an agate mortar. Its density 
is 4.87. 

Chlorine attacks titanium at 350° with evolution of light, form- 
ing the liquid chloride TiCl4. Bromine at 360° gives a dark- 
colored bromide. Iodine acts at a still higher temperature with- 
out evolution of light, giving solid titanium iodide, which has been 
prepared in a pure state by Hautefeuille. In oxygen, titanium 
burns with light at 610°, leaving a residue of amorphous titanic 
acid. Sulphur slowly attacks titanium at the point of the soften- 
ing of glass. A dark-colored body is formed which is not attacked 
in the cold by hydrochloric acid and evolves hydrogen sulphide 
with concentrated and boiling acid. 

In a current of nitrogen, titanium is converted into nitride at 
800°. The combination takes place with evolution of heat and the 
boat is carried to a higher temperature than that of the tube. 
This is the first good example of the combustion of an element in 
nitrogen. 

The vapor of phosphorus reacts about 1000°, giving a dark 
phosphide, but the action is only superficial. Carbon dissolves in 
fused titanium and combines to form a definite carbide. The ex- 
cess of carbon in solution subsequently crystallizes as graphite. 

In the electric furnace, silicon and boron unite with titanium to 
give the fused or crystalline borides and silicides, which have as 
great hardness as the diamond. 

Titanium readily dissolves in fused iron, and the alloy obtained 
can be easily filed. It also dissolves in lead. With copper, tin 
and chromium it gives alloys which we will study further. 

Hydrochloric acid, concentrated and boiling, slowly attacks 
titanium with evolution of hydrogen, and gives a violet solution. 
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With warm nitric acid the action is somewhat slow, and titanic 
acid is formed with aqua regia ; solution is much more rapid, but 
the titanic acid, which is formed, retards the reaction. 

Dilute sulphuric acid dissolves titanium more readily; it also 
acts in the cold, but in order to have continuous action it is neces- 
sary to raise the temperature. Hydrogen is evolved and the solu- 
tion takes on a violet color. With concentrated and boiling 
sulphuric acid, sulphurous acid is formed. 

In a mixture of nitric and hydrofluoric acids the titanium dis- 
solves with a violent effervescence. The action is as rapid as with 
silicon. 

Oxidizing agents react on titanium energetically. Fused potas- 
sium nitrate atacks it without apparent evolution of heat, but if 
powdered titanium is thrown into potassium chlorate heated to its 
temperature of decomposition, it takes fire. The alkaline car- 
bonates attack it with evolution of light. The same is true with a 
mixture of potassium nitrate and carbonate. Powdered titanium, 
heated in a current of water vapor, does not b^n to decompose 
this gas until at about 700** and it is scarcely at 800** that regular 
decomposition is produced. Titanic acid is formed and hydrogen 
is obtained. 

Silver fluoride is reduced at 320° by powdered titanium, with 
•evolution of light. 

Analysis, — Titanium, reduced to powder, was attacked by a 
fusion mixture of 2 parts carbonate and 8 parts nitrate of potas- 
sium. The white mass obtained was taken up in cold water; the 
residue of insoluble titanate dissolved in cold hydrochloric add 
and was added to the first solution. The titanic acid was precipi- 
tated by ammonia with the necessary precautions. 

To determine the carbon, the titanium was heated to dull redness 
in a current of pure, dry hydrochloric acid and by combustion of 
the black residue in oxygen, the weights of the carbon dioxide 
and ash were obtained. These analyses gave the following results: 

I. 3. 3. 

Titanium 9480 96.11 96.69 

Carbon 3-8i 2.82 1.91 

Ash 0.60 0.92 0.41 

Titanium Carbide, TiC. — When a mixture of 160 parts of 
titanic acid and 70 parts of carbon is heated for ten minutes with 
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an arc of 1000 amperes at 70 volts, a definite carbide is obtained 
according to the equation 

TiOa + 3C = TiC + 2CO. 

This titanium carbide appears in fused lumps, having a bright 
fracture, or as a mass of crystals; it contains a slight excess of 
carbon which has crystallized as graphite. This graphite ener- 
getically retains titanium and on combustion in oxygen leaves a 
yellow-white ash in which titanic acid can be easily recognized. 

Titanium carbide has a density of 4.25. It is not attacked by 
hydrochloric acid, which in some cases permits the ready separa- 
tion from an excess of titanium. Aqua regia dissolves it slowly. 
At 700° water vapor has no action on it. Its other reactions are 
similar to those of titanium. It bums much better, however, in 
oxygen than does titanium. At low redness it takes fire in the 
gas and evolves sufficient heat to raise the material to a white heat. 
Reduced to powder and thrown into the flame of a burner, it gives 
beautiful sparks, much more brilliant than those given by titanium. 

Analysis : 

Theoretical 
I. 2. 3. for Tic. 

Carbon 20.06 19.40 19. 18 19.36 

Titanium ;.. 79-94 80.41 80.64 

Titanium Nitride. — The nitride obtained by heating titanic acid 
either with addition of carbon or only under the action of an arc 
of 300 amperes at 70 volts, appears as a bronze-colored, fused 
mass, difficult to break, very hard, scratching the ruby and slowly 
cutting the diamond. Its density is 5.18. 

On analysis it gave 78.3 to 78.7 per cent, of titanium. This 
compound, free from carbon, corresponds to the nitride described 
by Friedel and Guérin, whose density was 5.28 and whose content 
of titanium was 78.1 per cent. 

Titanium Oxide. — The blue oxide obtained by the action of 
the electric arc on titanic acid, when this arc is of feeble intensity, 
resembles in appearance titanium protoxide whose existence is 
still doubtful, and which has been mentioned by Laugier and 
Karsten. The oxide that we obtained presented the appearance 
of a dark indigo-blue mass, covered and formed of a mass of 
crystals/ 

Conclusions. — When the heat produced by an electric arc. 
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whose intensity is variable, is made to act on a mixture of titanic 
acid and carbon, there is obtained : 
( I ) Blue protoxide of titanium ; 

(2) Fused titanium nitride, TijNj ; 

(3) Fused titanium or a crystalline carbide, TiC. 

Fused titanium is the most refractory body that we obtained in 
the electric furnace ; it is more infusible than vanadium. It is more 
so than such metals as pure chromium, tungsten, molybdenum and 
zirconium. It can be prepared in the electric furnace only at a 
temperature above that of the decomposition of its nitride and by 
means of the arc from a loo-horse-power dynamo. Fused titanium 
on the other hand has a less affinity for nitrogen than the powder 
obtained by the action of the alkaline metals on the fluotitanates, 
while titanum, reduced to powder, burns in nitrogen at a tempera- 
ture of 800°. As a whole, the properties of titanium resemble 
those of the non-metals, and silicon in particular. 

I. Silicon 

We have previously shown that silica was readily volatilized 
in the electric furnace. By using a current of 1000 amperes at 50 
volts, the formation of the vapor of silica is very abundant. In 
a few moments it surrounds one with very light filaments of silica 
which hover in the air and remain for a long time in suspension. 
If these filaments are examined under the microscope it is seen 
that they are formed of very small spheres of silica, which in water 
/show a very pronounced Brownien movement. When the experi- 
ment is stopped without completely volatilizing the silica, the part 
which remains in the crucible sometimes shows, on the lower 
portion, characteristic crystals of silicon, such as have been de- 
scribed by Senarmont. This experiment showed that silica can be 
reduced at a high temperature by carbon. 

By heating, in the electric furnace, a mixture of quartz crystals 
and powdered carbon, in a carbon cylinder closed at one end, the 
phenomenon is much more distinct. The aperture of the tube is 
covered with flocculent silica ; below are found very clear, almost 
colorless, crystals of carbon silicide and a little lower a ring of 
bright black crystals mixed with fused globules;* these black 
crystals were attacked only by a mixture of nitric and hydrofluoric 

1 Some of these globules of silicon contained small, quite transparent crystals of 
•carbon silicide, having a beautiful yellow color. 
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acids. They took fire in the cold in fluorine and burned brightly^ 
giving silicon fluoride. Some showed distinctly the appearance of 
the superimposed crystals obtained by solution in fused zinc. They 
were always mixed with carbon silicide, but the crystalline pow- 
der, collected from the entire tube, contained 20 to 30 per cent, of 
crystalline silicon. The experiment which we repeated many times 
shows that under the action of the electric arc, silica is reduced by 
carbon, giving silicon. When the temperature is not very high, 
a part of the silicon escapes the action of the carbon and is found 
as crystals or fused globules. 

By cooling the vapor of silicon at the moment of its formation, 
this proceeding can be used to prepare silicon. 

Vigouroux, using our electric furnace, has shown that liquid 
silica can easily be reduced by aluminum, giving a good yield of 
crystalline silicon. 

J. Aluminum 

Aluminum formerly was regarded as an oxide which could not 
be reduced, but such is not now the case. If perfectly transparent 
crystals of corundum, introduced into a boat placed in a carbon 
tube in the electric furnace, are heated with a current of 1200 
amperes at 80 volts, the alumina is volatilized in a few moments. 
In our experiments, the boat which was completely converted into 
gfraphite did not contain a trace of ash, and on each side of the 
tube was found a crystalline layer of graphite and alumina, con- 
taining spheres 2 mm. to 3 mm. in diameter, of metallic aluminum 
which could be easily recognized. 

This experiment was varied by using a carbon tube closed at 
one end, which was introduced into the electric furnace in such 
a manner that the closed portion was carried to the maximum 
temperature. The tube measured 0.40 meter long, and 40 mm. 
internal diameter. At the bottom of this apparatus 100 grams of 
alumina were placed and heated for fifteen minutes with a current 
of 300 amperes at 65 volts. At the end of the experiment, copious 
vapors were evolved from the end of the tube, and these vapors 
condensed on a cold body gave a white deposit of alumina. 

This substance treated in the cold with dilute acetic acid, which 
removed traces of iron and lime, then washed with distilled water 
and dried, showed in the center of the irregular masses small 
spheres of fused alumina. 
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After cooling, a white deposit of alumina was found in the 
upper portion of the tube while in the lower portion was found a 
mass of fused alumina which had a different appearance depend- 
ing on whether the parts had been more or less highly heated. 

The portion which had been carried to the highest temperature 
was covered with a film of graphite from the condensation of the 
vapor of carbon which filled the tube. On the wall were observed 
small, white or slightly yellow globules which were formed of a 
mixture of aluminum and the carbide of the metal. 

The reaction becomes more and more conclusive if, under the 
same conditions, there is heated an intimate mixture of alumina 
and starch which, on decomposing, gives the carbon necessary 
for the reduction. 

In an experiment that lasted eighteen minutes (300 amperes at 
65 volts) some aluminum was obtained, containing beautiful 
leaves of the carbide, AI4C3, which we will describe later. The 
experiment was repeated four times and the results were always 
the same; and each time also the cold mixture was covered with 
graphite from the condensation of the vapor of carbon. 

Another series of experiments made in crucibles, at a lower 
temperature, showed that alumina can be fused and kept in the 
liquid state in a carbon crucible without reduction. In an experi- 
ment made in a tube closed at one end, it happened that the other 
end of the cylinder became closed by a plug of alumina and carbon. 
This experiment, which was not so long as the preceding on ac- 
count of the formation of a short-circuit, showed in the heated 
portion a layer of graphite and small hexagonal crystals, showing 
the phenomenon of iridescence, and entirely formed of alumina. 
The tube contained no trace of metallic aluminum. The produc- 
tion of the mixture of corundum and crystalline graphite shows 
that the vapor of alumina, which is easily formed, and the vapor 
of carbon can come in contact without producing aluminum. A 
much higher temperature is necessary for the vapor of carbon to 
reduce the vapor of alumina. Therefore, alumina is not reduced 
in the electric furnace by carbon, but reduction takes place when 
the vapors of the two bodies are carried to a very high tempera- 
ture. In this case alumina loses its oxygen and gives metallic 
aluminum which is partially carbonized. 
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Impurities of Aluminum,^ — The previous work as well as the 
discovery of a crystalline aluminum carbide, which we will describe 
later, has introduced the analytical study of the aluminum pre- 
pared by electrolysis. 

The aluminum industry, founded in France by Henri Sainte- 
Claire Deville in 1854, has progressed very rapidly. Since this 
metal has been obtained by the decomposition of alumina with 
strong electric currents, its preparation has become so practical 
that its price has descended to 4 francs per kilogram. The rapid 
progress of this industry causes the hope that the price will be 
still further lowered. 

It is probable that the qualities of this light metal will then 
afford even more numerous applications than at present. The 
secondary points which demand further investigation, such as the 
refining of aluminum or the preparation at a cheap price of pure 
aluminum from bauxite or kaolin, without doubt, will soon be 
solved. The aluminum industry has already some outlets. 
Outside of its use in the refining of steel and cast iron^ its 
alloys show very curious properties. The different experimenters 
who have studied the properties of aluminum have frequently 
found contradictory results. The same has been true when, on 
account of its lightness, some countries have attempted to use it 
in the manufacture of small articles of equipment such as plates, 
cans and pans with the view of lightening the weight of knap- 
sacks of foot soldiers. While this metal is useful and possesses 
the qualities which have caused its use to be worthy of praise, it 
has, on the contrary, caused déceptions. 

These difficulties appear to be particularly due to the difference in 
the composition of commercial aluminum. We would add that the 
aluminum produced by the different electrolytic methods is never 
pure and that its com.position is somewhat variable; all metallur- 
gists know how the chemical and physical properties of a metal 
vary with traces of foreign bodies. It will then be interesting to 
industry to endeavor to obtain aluminum as pure as possible, 
whose properties will be constant and always give the same re- 
sults. 

1 Compt. rend., July 2. 1894, 119, 12. 

* This refining of steel has been studied in England by Hadfield and in France by I«e 
Verrier. 
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The impurities of. technical aluminum already known are two 
in number : Iron and silicon. 

The iron comes from the minerals, the electrodes and the cruci- 
bles. The purity of the alumina and the careful manufacttu'e of 
the electrodes and crucibles should remove this. Minet has pub- 
lished interesting experiments on this subject and has shown what 
troublesome influence could be exerted by a small quantity of iron. 

The silicon also comes partly from the electrodes and the cni- 
cibles, but particularly from the alumina used. It appears very 
difficult to avoid the presence of this non-metal. Although in 
certain cases these elements have no injurious action, we have been 
able to decrease their quantity by a simple fusion of the metal 
under a layer of alkaline fluoride.^ But, besides the silicon and 
the iron, there exist in technical aluminum two other impurities 
which have not heretofore been noted. We refer to nitrogen and 
carbon. 

On treating a piece of commercial aluminum with a lo per cent. 
solution of potash, the metal is rapidly attacked and the hydrogen 
which is evolved in large quantities contains a small quantity of 
ammoniacal vapors. This can be shown by passing the hydrogen 
through bulbs containing Nessler's reagent. A coloration soon 
appears and finally a precipitate. It is necessary to use absolutely 
pure potash for this reaction. On passing a current of nitrogen 
into fused aluminum and saturating it with this gas, the metal 
obtained showed a slight decrease in its tensile strength and in 
its elongation. The presence of nitrogen can thus vary the physical 
properties of aluminum.* 

Mallet, of the University of Virginia, showed in 1876 the ex- 
istence of aluminum nitride ; it is slightly soluble in altmiinum and 
to it can be attributed this change of properties.* 

I The specimen of aluminum that we used in this work had the following composi- 
tion : 

Aluminum 98.03 

Iron 0.90 

silicon 0.81 

Carbon 0.08 

Nitrogen trace 

After a fusion under a layer of the alkaline fluorides, it contained only 0.57 per cent of 
silicon. 

3 EUstic Breaking Blonga- 

limit. strength. tion. 

Kilograms. Kilograms. mm. 

Fused aluminum 7.500 ii.ioa 9 

Aluminum saturated with nitrogen 6.500 9.600 6 

« Mallet : ** Nitride of Aluminum," /• Chem. Soc., 30, 349 (1876). 
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We constantly found carbon in commercial aluminum and in 
much larger quantity than nitrogen. On treating 100 g^ams of 
aluminum with a current of hydrochloric acid or hydriodic acid 
.gas free from oxygen, a g^ay residue remained. This substance, 
treated with dilute hydrochloric acid, gave a light amorphous car- 
IxMi, brown in color, which completely burned in oxygen, giving 
carbon dioxide; this carbon contained no graphite. This carbon 
•can be weighed by treating 10 grams of aluminum with a concen- 
trated potash solution. The residue is taken up in water, and 
■dried and burned in a current of oxygen. From the weight of 
the carbon dioxide collected, the weight of the carbon is readily 
deduced. . We thus found the following figures: Per cent, of 
•carbon, 0.104, 0.108 and 0.080. The action exerted by this element 
-on the physical properties of aluminum appears to be very char- 
acteristic. 

To make it more evident we fused aluminum of good quality 
in a crucible ; we cast a portion in an ingot mold ; then in the part 
still remaining liquid, we dissolved crystalline aluminum carbide 
-prepared in the electric furnace. A few moments later we cast 
another sample of metal and thus obtained two samples, one fused 
-aluminum, the other carbonized aluminum. 

These ingots were tested and, while fused aluminum showed 
for one square millimeter a breaking strength of 1 1 .000 kilograms 
-and an elongation per 100 of 9 mm., carbonized aluminum showed 
-only a breaking strength of between 8.600 kilograms and 6.500 
Icilograms and an elongation of 3 mm. to 5 mm. per 100.^ 

Having had occasion to make analyses of aluminum from the 
three very large manufacturers in La Praz (France), Neuhausen 
(Switzerland) and Pittsburg (United States), we found another 
impurity which appears to be of great importance from the stand- 
point of preservation of the metal. We allude to the presence of 
sodium. The presence of sodium in an aluminum can be de- 
tected in the following manner : 250 grams of carefully prepared 
aluminum filings are introduced into an aluminum flask with 300 

1 These experiments were made on metal which had been fused without rolling or 

lieating. 

After one rolling without annealing, we obtained as follows : 

Elastic Breaking Elonga- 
limit. strength. tion. 

Kilograms. Kilograms. mm. 

Carbonized aluminum 20.00 20.793 2.5 

After rolling and annealing 7.700 13.000 26.5 
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ce. of distilled water which has been prepared in a metallic appa- 
ratus. The mixture is left in contact for two weeks, being heated 
to boiling every day. It is then brought on to a filter.^ It is 
washed with boiling water and the liquid obtained, which is 
slightly alkaline, is evaporated to dryness in a platinum dish. The 
residue is heated to low redness, the mass turns brown, and pure 
dilute hydrochloric acid is added, when carbon dioxide is evolved. 
It is again evaporated to dryness, heated to about 300° to drive off 
the excess of carbon dioxide, and a residue is obtained which 
shows all the characteristics of sodium chloride. This is taken up 
in water and the chlorine determined as silver chloride ; from the 
weight of the latter the quantity of sodium extracted by the action 
of the water on the aluminum filings, is deduced. 

In making a complete analysis of the metal, we found sodium 
in a number of specimens of aluminum. The content varied from 
0.1 per cent, to 0.3 per cent. An old aluminum prepared by the 
firm of Bernard contained 0.42 per cent.^ 

When an aluminum contains a small quantity of sodium, it is 
first slowly attacked by cold water, then the action increases. In 
fact, if a small quantity of water is added, and not renewed with 
such a sheet of aluminum, a thin layer of alumina forms on the 
metal. After many days the liquid gives a distinct alkaline re- 
action to litmus paper. From this point the decomposition be- 
comes more rapid. In all cases where aluminum contains 
sodium, a little alkali is formed which reacts on the metal to give 
aluminate. This sodium aluminate is subsequently dissociated 
by water with deposition of alumina and formation of soda,, 
and when the liquid is slightly alkaline, it is evident that the 
decomposition becomes much more active. 

The alloys which can be prepared with aluminum have, there- 
fore, entirely different properties, according to whether they con- 
tain or do not contain a small quantity of sodium.^ 

1 In this experiment a small quantity of soluble alumina is frequently obtained similar, 
without doubt, to the colloidal alumina which passes through the filter and which subse- 
quently precipitates. 

2 The presence of sodium in commercial aluminum shows that the electrolysis of a 
mixture of cryolite and alumina g^ves rise to a number of secondary reactions in which 
the sodium can play a part depending on the composition of the bath and the intensity of 
the current. 

> It is therefore necessary, in all the investigations made on this stïbject, to determine 
the exact composition of the aluminum used. 
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It is for this reason that in a study on the alloys of aluminum 
3and tin, Riche has shown that these alloys decompose water at 
the ordinary temperature.^ I have been able to prepare an 
alloy of 6 per cent, of tin with aluminum quite free from sodium, 
:and after remaining for two months in ordinary water the metal 
was spotted in many places, giving small efflorescences of alumina, 
but there was no evolution of gas. The experiment was made 
as follows: Aluminum free from sodium was alloyed with 6 per 
•cent, of tin, avoiding the action of nitrogen and the furnace gases, 
.since Franck has shown that aluminum at redness decomposes 
carbon dioxide and as well carbon monoxide. An alloy was thus 
•obtained which, rolled under strong pressure, gave : 

Annealed. Hard-drawn. 

Resistance 17.6 28.43 

Elasticity 8.20 22.90 

Elongation 20.0 6.0 

-A sheet of this metal was divided into two parts : The first was 
placed in the water of the Seine and for days was kept in agita- 
tion; the second was placed in a Bohemian glass vessel in Seine 
water, on top of which was introduced a layer of several centi- 
meters of oil. The mean temperature of the laboratory was about 
20°. The experiment began the 30th of September and lasted for 
two months. During this time the aluminum became covered 
"with a white efflorescence; it was indented on nearly all of its 
surface, but in the two cases there was no evolution of a bubble 
K>f hydrogen. That which was placed in the water which was 
agitated daily was more rapidly attacked. This experiment was 
only made with an alloy containing a small amount of tin. Riche 
lias shown that for higher contents of tin the decomposition of 
the water becomes active and has thus shown the reason why 
attempts to solder aluminum with an alloy having a base of tin 
should not be made. Moreover, aluminum is a metal which, when 
carefully annealed, is easily worked by stamping and by rolling, 
T^ut there should not be demanded for it that which it cannot do. 

Riche, to whom I have communicated these experiments before 
publication, has also observed the presence of sodium in some 
samples of aluminum. 

^ Riche: "Recherches sur les alliages de l'aluminum, " Tburwo/ de pharmacie et de 
chimie, 6e série, i, 5 (1895). 
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Moisonnier, principal pharmacist in the military hospital of 
Saint-Martin, who has undertaken lengthy observations om 
this subject, found the same with a sample of alumina containing 
0.4 per cent, of sodium. 

Another important point to which we call attention in connec- 
tion with the alloys of aluminum, and in particular those with 
copper, is that non-homogeneous alloys are very difficult to pre- 
serve. 

In his work on the equivalent of aluminum, Dumas has shown» 
the non-homogeneity of the alloy prepared according to the method 
of Deville.^ We frequently had the opportunity to ascertain on 
objects of stamped aluminum the bad effect of this lack of uni- 
formity. When distilled water is allowed to remain in such a 
vessel, after fourteen days there were formed small, white spots 
of hydrated alumina; the spots were surrounded by bright circles 
which continued to grow. If, after having separated the attacked 
portion, the aluminum hydroxide was removed, there was frequently 
seen, under the microscope, a small particle of carbon or other 
substance which had formed a galvanic element and which had 
effected the metal over a more or less large surface. If instead 
of allowing water to remain on the non-homogeneous aluminum, 
a saturated solution of sodium chloride is substituted the phe- 
nomenon is increased, and each particle of carbon gives an action 
sufficiently great to pierce the metal. Hiis formation of the 
elements of a battery on the surface of the aluminum is the cause 
of the alteration of the metal. 

On the contrary, with a quite homogeneous metal containing 
neither nitrogen, carbon nor sodium, no point of attack is pro- 
duced and the water which remains on the metal preserves its 
clearness and contains no alumina. 

The same phenomenon is presented with alcohol diluted with 
water, rum for example, and in the case of aluminum of poor 
quality, it explains the action on canteens, an action which some- 
times proceeds with great energy.^ 

1 Dumas : I know, therefore, that in impure aluminum the distribution of the iron and 
the silicon is not uniform," " Mémoires sur les equivalents des corps simples,'* Ann. chim. 
phys., 3e série, 55, 153. 

3 Drs. Plage and I^ebin, in the experiments which were undertaken in the laboratory 
of the Priedrich Wilhelms-Universitat in Berlin, attributed this,action on aluminum can- 
teens and cooking utensils to tannin, Berlin, 1893. 



ALUMINUM 193 

Since aluminum has a great tendency to form an electric couple 
with other metals, it should be used only alone. A particle of iron 
or brass in contact with aluminiun in a short time always causes 
oxidation of the metal and its transformation into alumina. All 
of the manufactories which have put in use large surfaces of 
aluminum have found, by experience and to their cost, the truth 
of this decomposition. Commercial aluminum contains, besides 
iron and silicon, a small quantity of carbon, traces of nitrogen,^ 
and sometimes sodium. These different substances considerably 
modify the properties of the aluminum, but it is hoped that electro^ 
metallurgy will soon produce a purer metal and one of constant 
composition. 

We have not called attention in this work, made from the chemi- 
cal standpoint, to the importance of reheating in the rolling and 
stamping of aluminum. It is known that without this precaution 
the metal cracks and becomes useless. 

New Method ï^or the Preparation oe Aluminum Alloys.^ 

The method of preparation which we have indicated for the alloy 
of aluminum and vanadium from vanadic acid can be applied to 
a number of oxides. It is based on the powerful affinity of alumi- 
num for oxygen. The work of Winkler and others has shown the 
ease with which certain oxygen compounds can be reduced by 
magnesium. Aluminum can also be used in such cases. In 
utilizing this property I have been able to obtain aluminum alloys 
with most of the refractory metals which I have obtained, by 
reduction in the electric furnace. 

The preparation of these alloys is simple. It consists in throw- 
ing on a bath of liquid aluminum, a mixture of the oxide to be 
reduced, and aluminum filings. 

The combustion of a part of the aluminum by the atmospheric 
air at the surface of the bath evolves so much heat that the most 
refractory oxides are reduced. The metal then passes continuously 
into the bath of aluminum and raises the melting-point of the 
alloy. This preparation is made in the dry way without addition 

1 We also add that commercial aluminum often contains a small quantity of alumina 
having no crystalline form. In some samples we found, with the microscope, in the 
residue from the treatment with dilute hydrochloric acid, small, clear crystals of carbon 
boride. The boron of this compound comes from the boric acid which has served as the 
binding material for the carbon of the electrodes. 

* Compt. rend., No. 23, June 8, 1896, laa, 1302. 
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of a flux. I have thus been able to obtain alloys of aluminum 
with nickel, molybdenum, tungsten, uranium and titanium. It 
frequently happens that the heat evolved by the reaction is so 
.great that the eye cannot stand the light. Many times we pre- 
pared alloys of 75 per cent, titanium which have been kept in the 
liquid state by this great evolution of heat. Alloys of lo per cent, 
are easily obtained. It should not be forgotten that the reaction 
is sometimes explosive. These alloys present some interesting 
features. They allow, in fact, the introduction of refractory 
metals, whose melting-point is higher than the temperature of our 
ordinary furnaces, into a metal whose melting-point is lower. 

When, for example, metallic chromium is brought into contact 
with melted copper, the latter only dissolves a small quantity 
about 0.5 per cent., and it is impossible to introduce more. If an 
alloy of aluminum and chromium is used, it dissolves in all pro- 
portions in melted copper, giving a mixed alloy containing copper, 
chromium and aluminum. In this mixed alloy it is easy to 
eliminate the aluminum by covering the fused bath with a thin 
layer of copper oxide. The latter easily dissolves in the copper 
and bums the aluminum which then floats on the surface of the 
bath as alumina. This proceeding similarly, can serve to introduce 
tungsten or titanium into a bath of steel kept melted in a Martin- 
Siemens furnace. We consider this method general and that it 
will permit of the preparation of a large number of new alloys. 

Analyses of Aluminum and Its Alloys.^ — Since the im- 
purities which we find in the commercial aluminum greatly modify 
its properties, it is necessary to make as exact an analysis as possi- 
ble. The methods heretofore used in industry often leave much 
to be desired. Either the ferruginous residue which the aluminum 
leaves on treatment with dilute hydrochloric acid is regarded as 
silicon, or the aluminum is estimated by difference. 

Preliminary Work. — It should first be determined if the alu- 
minum contains copper. A small quantity of the aluminum (about 
2 grams) is dissolved in hydrochloric acid, diluted with water, 
and this solution is treated with a current of hydrogen sulphide. 
When the content of copper is very slight, it is well to gently 
warm the solution and to keep it lukewarm for several hours after 
passing in the hydrogen sulphide. It is filtered and the copper 

1 Compt rend.y December 9, 1895, lai, 851. 
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is tested for, qualitatively in the residue. A qualitative analysis 
is then made to establish the presence of silicon, iron, carbon, 
nitrc^en, titanium and sulphur.^ 

I. Aluminum Containing no Copper. — Estimation of Sili- 
con. — About 3 grams of the metal are weighed off and treated 
with pure hydrochloric acid, diluted i to 10, when a gray-colored 
residue remains (containing silicon, iron, aluminum and carbon). 
The powder is separated and fused with a small quantity of sodium 
carbonate in a platinum crucible. The contents of the crucible 
are taken up in dilute hydrochloric acid, and this solution added 
to the first. The liquid is brought into a porcelain dish and 
evaporated to dryness on the water-bath. The dish is placed in an 
air-bath and heated to 125°. The residue should be perfectly 
white, pulverulent and should not be attached to the stirring rod. 
To this end it is well to scrape the sides of the dish with a spatula, 
and to crush the lumps which have formed with an agate pestle. 
The dish is allowed to remain for twelve hours in the hot air- 
bath until a glass stirring rod moistened with ammonia, held over 
the residue, no longer gives white fumes, showing that the hydro- 
chloric acid has ceased to come off. The drying being completed, 
the residue is taken up in lukewarm distilled water to which is 
added a small quantity of hydrochloric acid. The liquid is then 
boiled for several minutes, the silica remains insoluble and is 
filtered off. After washing and drying, it is ignited and weighed.' 

Estimation of the Aluminum and Iron. — The first solution of 
the aluminum in hydrochloric acid i to 10, after the separation 
of the silica, is diluted with water to a volume of 500 cc, 50 cc. 
o£ this solution, corresponding to 0.150 gram of aluminum, are 
taken, neutralized in the cold with ammonia and the two oxides 
are precipitated with recently prepared ammonium sulphide. The 
mixture is allowed to digest for an hour. The precipitate is then 
thrown on a filter, washed, dried, ignited and weighed. 

We have not used ammonia for this precipitation, since, in order 
to be complete, the solution must not be too dilute and should 
contain a somewhat large quantity of ammonium salts and very 

s In order lo bs sure that this silica does not eonlain Blumina or iron ojiide. pure hydro- 
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little free ammonia. It is true that the excess of ammonia can be 
expelled by boiling, but the boiling should be stopped while the 
liquid is still slightly alkaline ; if this point is passed, the alimiina 
slowly reacts on the ammonium salt in solution and the liquid be- 
'comes acid. On account of these minor difficulties we preferred 
the precipitation by ammonium sulphide. 

As is known, precipitated alumina is very difficult to wash. It 
should be done by décantation in a beaker of Bohemian glass, and 
with boiling water. The washing is complete when the wash- 
water no longer contains chlorine. The precipitate is thrown on 
a filter, dried, ignited and weighed. The weight of the alumina 
and iron sesquioxide contained in the aluminum is thus obtained. 
The iron, at first precipitated as sulphide, rapidly oxidizes by the 
washing and the ignition. It is also necessary to carefully dry 
the alumina before heating to redness. The ignition should be 
made slowly, since the dried alumina sometimes decrepitates when 
it is strongly heated. Finally, the ignition should be continued 
long enough, as alumina only completely loses the water which it 
contains, at a high temperature. 

Estimation of the Iron. — To estimate the iron, 250 cc. of the 
first solution are taken after separation of the silica. This solu- 
tion is reduced by evaporation to about 100 cc. Caustic potash 
free from silica,^ is added, which precipitates at first the iron and 
alumina and since the potash is in excess, the alumina dissolves. 

The mixture is kept for ten minutes near the boiling tempera- 
ture. The precipitate is washed five or six times by décantation 
with boiling water, then thrown on a filter. The precipitate 
is dissolved in dilute hydrochloric acid, and precipitated by an 
excess of caustic potash. After washing and filtering, it is again 
dissolved in hydrochloric acid, and this time the iron is precipi- 
tated by ammonia. The precipitate is thrown on a filter, washed, 
ignited and weighed as iron sesquioxide. From the weight of 
the two oxides obtained in the preceding operations, the weight 
of iron oxide is subtracted, the difference being the alumina. 

Estimation of the Sodium. — This method of analysis is based 
on the fact that aluminum nitrate is destroyed by heat, giving 
alumina at a temperature below that of the decomposition of 
sodium nitrate. Five grams of aluminum (whether containing 

1 It is necessary to be certain that the potash contains no silica. 
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copper or not) in filings or strips are dissolved in a conical vessel 
in nitric acid/ diluted with its volume of water and at a moderate 
temperature. The reaction does not take place in the cold, and 
the temperature must be carefully raised, since the heat evolved in 
the reaction can become great enough to occasion a violent evolu- 
tion of gas. The solution is concentrated in a platinum dish on 
the water-bath, then evaporated to dryness on a sand-bath or over 
a free flame; the residue is reduced to a powder with an agate 
pestle. It is then heated to a temperature below the melting-point 
of sodium nitrate, and only until the evolution of nitrous vapors 
has ceased. The residue is taken up in boiling water, the liquid 
decanted, and the alumina washed three or four times with water.* 

The dish and the pestle are washed, and the wash-water, to 
which a few drops of nitric acid are added, is evaporated to dryness. 
The residue is taken up three times with boiling water in order 
to remove each time a fresh quantity of alumina which is mixed 
with the alkaline nitrate. Finally, it is treated with boiling water ; 
after evaporation in a porcelain capsule, it is filtered, a slight 
excess of pure hydrochloric acid is added to the liquid and it is 
evaporated to dryness. A fresh quantity of hydrochloric acid is 
added and after evaporation, it is heated to 300° to drive out the 
excess of acid; the sodium chloride remaining is determined as 
silver chloride. From the weight of the latter the quantity of 
chlorine is calculated and the weight of sodium to which it 
corresponds.* 

Estimation of the Carbon. — ^Two grams of the metal in lorm of 
shavings or filings are taken and ground in a mortar with 10 to 
15 grams of powdered mercury bichloride, to which has been 
added a small quantity of water. The mixture is evaporated in a 
dish on a water-bath, then placed in a porcelain boat and heated 
in a current of pure hydrogen. This boat is introduced into a 
tube of Bohemian glass through which passes a current of oxygen 
free from carbon dioxide, and heated to redness. The gas is 
passed through a Liebig bulb containing a potash solution and 
two small U-tubes containing pieces of fused potash. The in- 

^ In this treatment, it is well to place a small funnel on the opening of the conical 
vessel, to retain the spray carried away by the evolution of the gas and the vapors. 

* The first filtrate often deposits, on cooling, a variable quantity of alumina which as- 
sumes a gelatinous form. 

s It is necessary during the above operations to protect the analysis from the glass 
powder which is so often found in the laboratory air. 
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crease in weight of the different tubes gives, as carbon dioxide, 
the quantity of carbon contained in the aluminum. 

2. Analysis of Alloys of Copper and Aluminum. — Estima- 
tion of the Copper, — ^When the alloy contains as much as 6 per 
cent, of copper, 0.5 gram of the metal is dissolved in nitric acid 
free from chlorine, diluted to 50 cc, and the estimation is made by 
the electrolytic method of Lecoq Boisbaudran as given by Riche. 
The strength of current used is o.i ampere and the analysis is 
made in six hours if the temperature is kept at 60° and in twenty- 
four if it is made in the cold. When the electrolysis is complete, 
the copper, after having been washed and dried, is weighed in the 
metallic state. 

Estimation of Silicon, Aluminum and Iron, — The copper being 
removed as sulphide by hydrogen sulphide, the alumina, iron 
and silicon are determined as has been previously shown. 

Conclusions. — As an example we give a specimen of aluminum 
from Pittsburg: 

Aluminum 98.82 

Iron 0.27 

Silicon o. 15 

Copper 0.35 

Sodium o. 10 

Carbon 0.41 

Nitrogen trace 

Titanium ** 

Sulphur none 

100.10 

In the last few years the aluminum industry has made great 
progress from the standpoint of purity of the metal. The prece- 
ding analysis is a very good example, since it shows only 0.27 per 
cent, of iron and 0.15 per cent, of silicon. Three years before, a 
canteen made at Karlsruhe from an aluminum of Neuhausen gave 
the following figures : 

Aluminum 96. 12 

Iron 1.08 

Silicon 1.94 

Carbon 0.30 

99.44 

The comparison of these two analyses show that industry can 
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actually furnish a much purer metal. If aluminum, obtained by 
electrolysis, can be prepared free from sodium and carbon, we 
think that the preservation will be much easier. 

We must remark, in conclusion, that the analytical results alone 
are not sufficient to give the value of the metal ; it is necessary to 
add the mechanical properties, such as elongation, elastic limit and 
breaking strength. 



CHAPTER IV 
Carbides, Silicides, Borides, Phosphides, Arsenides, and Sulphides 

METALLIC CARBIDES 

The study of the metallic carbides has hitherto advanced very 
slowly. For a long time it has been known that certain metals 
on fusion dissolve varying quantities of carbon, but the carbides 
before my work included few others than the compounds formed 
by solution of carbon in a large excess of the metal. 

The direct preparation of crystalline carbides is not possible in 
our laboratory furnaces, since the heat that these apparatus fur- 
nish is insufficient. 

The electric furnace in which temperatures neighboring 3500*^ 
and beyond can be obtained has permitted the extension of the 
study under better conditions. 

The results given by these researches are noteworthy on account 
of the applications which can be reaped industrially from the 
standpoint of the classification of the various simple bodies. The 
carbides were, in reality, formally regarded as poorly defined com- 
pounds, possessing new properties when determined, and forming 
a powerful support to the classification of the elements into natural 
groups in which the chemists of to-day have faith. 

The property of decomposing water in the cold and giving pure 
acetylene is peculiar to the related metals, calcium, barium, and 
strontium. The carbides of aluminum and glucinum give pure 
methane. These are the characteristic reactions. 

We have remarked in the beginning of our work on the electric 
furnace that if the electrodes are in contact with the fused lime 
there is formed a dark-colored compound having a crystalline 
fracture which is a combination of carbon and calcium. This body 
with water rapidly evolves a gas which has a peculiar odor, re- 
calling that of acetylene. 

Since our first publications on the preparation of artificial dia- 
mond and on the preparation of some refractory metals, we have 
undertaken the following studies, and the results obtained have 
been published first in the Comptes rendus de l'Académie des 
Sciences, We bring them together in this chapter. 
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Hitherto we have prepared only simple carbides, but there prob- 
ably exist double carbides whose study merits further inves- 
tigation. 

A. Potassium Carbide 

We have prepared in the electric furnace a large number of 
definite crystalline carbides, by reducing the metallic oxides or 
carbonates, with carbon. Some, such as the alkaline carbides, 
cannot be obtained in this manner. It seemed interesting to de- 
termine why these methods of preparation could not be applied to 
this series of compounds. 

Berthelot^ prepared potassium carbide by the action of acetylene 
on the alkaline metal at dull redness. 

When a mixture of potassium carbonate and carbon 
(K2CO3 + 2C) is heated in the electric furnace with a current of 
900 amperes at 45 volts, a black, pulverulent substance is obtained, 
composed of impure carbon, containing only traces of alkali 
metal, and not evolving gas in contact with water. Thus potas- 
sium carbide is not formed with a strong current. 

In a second experiment we heated, in the electric furnace, in a 
carbon tube closed at one end, the mixture of black flux and car- 
bon, which is used for the preparation of potassium. The heating 
lasted for eight minutes with a current of 45 volts pressure and 
350 amperes! After cooling, the product taken from the tube was 
a coarse powder. Some portions had a fused homogeneous ap- 
pearance, and the mass thrown into water evolved gas. If this 
black material was simply moistened with water it took fire, 
giving a gas which burned with a violet-red flame. Some particles 
gave slight explosion. Treated with water, in a tube containing 
mercury, it gave a slight evolution of gas. The black residue 
was formed of carbon, and the filtered solution showed a yellow 
color. This solution was strongly alkaline and contained a small 
quantity of carbonate and cyanide. The gas evolved contained 
a little nitrogen, hydrogen and acetylene. Two analyses of this 
gaseous mixture gave 70 per cent, and 66.6 per cent, acetylene. 
The evolution of gas was small, and the quantity of potassium 
carbide formed under these conditions was very small. These 

1 Berthelot : " Sur une nouvelle classe de radicaux métalliques composés," Ann. chtm. 
/A:VJ.,9. 384 (1886). 
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experiments demonstrate that the temperature of the electric fur- 
nace is much too high for the preparation of potassitmi carbide. 

We observed that metallic potassium is slowly attacked in the 
cold and at the ordinary pressure by acetylene gas. If the experi- 
ment is somewhat prolonged, it can be made complete. In one 
experiment we placed a piece of potassium in the upper portion 
of a tube 0.5 meter long, closed at its upper end. This tube was 
filled with acetylene gas and placed on a mercury bath. The 
second day it was observed that the level of the mercury was 
raised. The absorption was slow, so we set the experiment away 
for forty-nine days. At the beginning the apparatus contained 
17.3 cm. acetylene gas at 0° and 760 mm. After the experiment, 
the volume remaining was 8.335 cm., containing 4.348 cm. hydro- 
gen (at 0° and 760 mm.). The volume of acetylene absorbed was 
8.365 cm., which is double that of the hydrogen required by the 
following equation: 

^=^^^ + K=:C,HK-f-. 
20 ' 12 

There is formed in the cold a white product^ adhering slightly to 
the tube which is decomposed in contact with cold water, giving 
pure acetylene. The volume of gas collected was 7.3 cm., which 
was a little less than the theoretical quantity. The slight diflfer- 
ence is due to the polymerization of a small quantity of acetylene. 
By the action of potassium on acetylene in the cold, the com- 
pound CgHK (potassium acetylide) is formed as already shown 
by Berthelot, an intermediate product between acetylene, C2H2, 
and potassium carbide, K2C2. 

B. Sodium Carbide 

The reduction of sodium carbonate under the action of a strong 
current (1000 amperes at 70 volts) does not give the carbide. 
On the contrary, on heating, in a closed crucible placed in a 
carbon tube, a mixture of soda and sugar carbon with a weaker 
current of 350 amperes at 45 volts, a black powder is obtained 

1 The transparent compound which was produced, possessed a blue color in the por- 
tion which was in contact with the metal. This color disappeared as the potassium was 
transformed. This phenomenon is similar to that assumed by potassium chloride at red- 
ness, in presence of the vapor of potassium, a coloration mentioned by I*e Roux, Compt. 
rend., 67, 1022 (1869), and which appears to result from a diffusion of the metal. 
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which, on contact with cold water, gives a sHght evolution of 
acetylene. 

The absorption of acetylene gas by sodium is much slower than 
by potassium, in fact, it takes place with greatest difficulty.' 

On account of this feeble absorption we modified the experiment 
in the following manner: A sealed tube containing sodium and 
dry liquid acetylene was allowed to remain at the temperature of 
the laboratory. At the beginning, the action was somewhat slow, 
but after a time the sodium was tarnished and became covered 
with a yellowish white layer, whose thickness continually in- 
creased. Finally, the transformation of the metal was complete. 
The tube, strongly cooled, was subsequently opened and the gas 
collected over mercury. The excess of acetylene was readily 
separated from the free hydrogen. The yellow-white product 
which replaced the sodium was analyzed in the following manner: 
A definite weight of the substance was decomposed by water, and 
the acetylene collected and measured, and its purity was shown by 
analysis. The sodium was determined by an alkalimetric titration 
of the soda formed. The derivative thus obtained in the cold 
corresponds to the formula CjHNa. An intermediate compound 
between acetylene and the carbide, sodium acetylide, is the product 
first formed. 

It is not necessary in this preparation to use liquid acetylene; 
the same reaction takes place with compressed acetylene gas. The 
speed of the reaction appears to be a function of the pressure. 

As we have remarked, the combination of sodium and acety- 
lene takes place only with difficulty at the ordinary pressure, and 
requires many months to become perceptible. Under a pressure of 
one atmosphere the combination is more rapid, and if it is gently 
heated under reduced pressure, the action is more rapid. At 
about 50° it is distinct, and we have been able to completely trans- 
form a small piece of sodium into the compound C;,HNa by keep- 
ing it for fifteen hours in contact with acetylene at 70°. 

Dissociation of the Compound C^HNa. — The white substance, 
CjHNa, obtained by the action of acetylene in the cold on sodium 

' Thcmorv ready rormatian of potasatum aectyUdF explains why BErthclat found 
traces of acetylent in hydrogen produced by tliedemmposilion of water with potasatum, 
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was introduced into a Bohemian glass tube closed at one end ; the 
other end of the tube rested on a mercury bath. When the com- 
pound is slowly heated in vacuum, it darkens, and pure acetylene 
gas is evolved. On further heating, the coloration becomes darker, 
acetylene is evolved, and on the cold part of the tube, a small 
quantity of solid and liquid hydrocarbons condenses. By stopping 
the experiment before the tube melts, the solid product, which re- 
mains as a residue, evolves pure acetylene gas with cold water. It 
is the sodium carbide of Berthelot, having the formula CjNaj. If 
instead of decomposing the product by water it is heated nearly to 
redness in vacuum, the substance no longer evolves gases. Black 
carbon remains on the bottom of the tube^ and a bright ring of 
metallic sodium is seen condensed above the heated part. 

By elevating the temperature to just below the softening point 
of Bohemian glass, sodium carbide in vacuum is decomposed into 
carbon and sodivun. This explains the failure of our experiments 
on the reduction of soda or sodium carbonate with carbon. The 
temperature of the electric furnace was much too high for sodium 
carbide to exist. The preceding experiments can be represented 
by the equations : 

2C2NaH = C2H2 + QNa^ 
CjNaj = 2C + 2Na. 

C. Lithium Carbide 

Preparation. — To prepare lithiiun carbide, a mixture of carbon 
and lithium carbonate in the following proportion is heated in the 
electric furnace : 

Li^COg + 4C = LigCj + 3CO. 

This preparation is made in a carbon tube closed at one end. 
At the beginning of the experiment only a very little metallic vapor 
is evolved ; as the experiment proceeds the reaction becomes violent 
and finally complete. 

If the preparation is stopped at the time when an abundant 
evolution of metallic vapors commences, there is found on the 
bottom of the tube a white substance which has a crystalline frac- 
ture and which is lithium carbide. If, on the contrary, the heating 

1 After the experiment, we observed that this powder was formed of pure carboo. It 
gave no gas in contact with water. 
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is continued until the reaction has ceased, there is found in the 
upper part of the tube fused drops of carbide and the strongly 
heated part contains only graphite. Lithium carbide is volatile 
or is decomposed into its elements at a high temperature. The 
length of the experiment is consequently of great importance from 
the standpoint of yield of the carbide. 

Lithium carbide is more easily decomposed by heat than calcium 
carbide. The temperature of decomposition of lithium carbide is 
between that of sodium carbide and the alkaline earths. With a 
current of 350 amperes at 50 volts the mixture should be heated 
ten to twelve minutes. On the contrary, with a current of 950 
amperes at 50 volts the metallic vapors appear in abundance in 
four minutes, and the operation should be stopped immediately 
in order to obtain fused carbide in the hotter portion of the tube. 
Lithium carbide can also be obtained mixed with a small quantity 
of carbon by heating lithium in a current of acetylene at the tem- 
perature of a good coke fire. 

Properties, — Lithium carbide appears as a crystalline mass, as 
transparent as an alkaline fluoride or chloride; on examining it 
with a microscope, bright crystals are found, which are very 
readily altered by the action of the moisture of the air. Its den- 
sity is 1.65 at 18**; it is somewhat brittle and does not scratch 
glass. 

It is a very energetic reducing agent ; it is also richer in carbon 
than any carbide that we have prepared, in that it contains 69 per 
cent, of carbon. It takes fire in the cold in fluorine and in chlorine, 
and burns brightly, giving the fluoride or the chloride of lithium. 
In order to take fire in the vapor of bromine or in the vapor of 
iodine it must be slightly heated. Below redness it takes fire and 
bums brightly in oxygen, in the vapor of sulphur and selenium. 
It bums energetically in the vapor of phosphorus, giving a phos- 
phide which is decomposed by cold water with evolution of hydro- 
gen phosphide. Arsenic combines only at redness. 

Potassium chlorate and nitrate at the melting-point oxidize this 
compound with evolution of light. 

Fused potash attacks it with great evolution of heat. The con- 
centrated acids act slowly. Lithium carbide is decomposed by 
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water in the cold, giving pure acetylene gas. This reaction, rapid 
at the ordinary temperature, becomes violent at 100°. In all 
points it is similar to the crystalline carbides of calcium, barium 
and strontium. A kilogram of lithium carbide gives, on decom- 
position with water, 587 liters of acetylene gas. 

Analysis. — ^The analysis of lithium carbide was made by de- 
composing a weighed quantity of the substance with water in a 
graduated tube on a bath of mercury. The volume of acetylene 
obtained was measured, and account taken of the gas dissolved 
in the water which was used in the reaction. By a simple 
alkalimetric titration made on the latter liquid, the weight of the 
lithium oxide and the corresponding weight of lithium was ob- 
tained. 

We obtained the following figures : 

I. 

Carbon 62.85 

Lithium 36.31 

CARBIDES OF THE ALKALINE EARTHS 

Historical, — In 1862 Berthelot,^ in a classical work, showed 
the properties of acetylene gas evolved from copper acetylide by 
hydrochloric acid. At the end of the same year Wohler* showed 
that by the action of carbon on an alloy of zinc and calcium a 
black, pulverulent mass is obtained which contains an excess of 
carbon, and which in contact with cold water evolves a mixture 
of different gases. Among the latter he recc^ized acetylene 
qualitatively. The complete analysis of the mixed gases was not 
made. 

We also recall that in another series of experiments, Winkler* 
has shown the reduction at redness of the carbonates of the 
alkaline earths by magnesium. 

Maquenne,* in 1892, repeated and studied more completely this 
reaction; he prepared an impure amorphous powder of barium 
carbide, which in contact with water gave acetylene that contained 

1 Berthelot : *' Recherches sur l'acétylène," Ann. chim. phys., 3e série 67, 5a (1863). 
« Wôhler: "Preparation of Acetylene from Calcium Carbide," /Inn. Chem. Pkarm.^ 

124, 330. 

s Winkler : Ber. d. chem. Ges.^ 23, 120, and 24, 1966. 

^ Maquenne : " Sur une nouvelle preparation de l'acétylène," Ann. ehim. phys.. 6e 
série, a8, 257. 
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only 3 to 7 per cent, hydrogen. This black powder gave about 50 
liters of gas per kilogram. It was impossible for Maquenne, as he 
stated, to prepare calcium carbide by this method.' 

The following year Travers, in London (February 6, 1893), by 
heating, in a Perrot furnace, a mixture of calcium chloride, pow- 
dered carbon and sodium, obtained a gray mass containing about 
16 per cent, of calcium carbide which was decomposed by water." 
He used this formation of acetylene gas in the preparation of 
mercury acetyl! de. ^ 

The question arises at this point whether in a paper sent to 
the Comptes rendus de l'Académie des Sciences, December 12, 
1892, I first published the preparation, in the electric furnace, of 
calcium carbide fusible at a high temperature. What I wrote on 
this subject is "If the temperature attains 3000°, the material of 
the furnace, the quicklime, fuses and becomes as fluid as water. 
At this temperature carbon rapidly reduces calcium oxide and the 
metal is produced; it readily unites with the carbon of the elec- 
trodes to form calcium carbide, which is liquid at redness and easy 
to collect." 

Following this work I presented to the Académie des Sciences, 
a new paper on calcium carbide, March 5, 1894, and another 
on the carbides of barium and strontium March ig, 1894. In this 
work, I showed that at the high temperature of the electric furnace 
there can exist only one compound of carbon and calcium, which 
is crystalline; I established the formula by analysis, and studied 
its properties. I showed that this substance decomposed cold 
water, forming absolutely pure acetylene gas — the beginning of 
the acetylene industry. In this connection I ought to give a word 
of credit for the industrial research to Wilson, an American 
engineer. 

At the end of the United States patent No. 492,377 on the 
preparation of aluminum bronze, which was taken out February 

1 I would say Hist barium carbonate is the only comppiind of the alktlineearthB which 

mixture ofhydrc^en and impure a eety lens [Maquenne|. 

' Morris W. Travers : " A Method for the preparation of Acetylene,"' Proceedings of 
the Chetnical Society." Februaiy 6, 1893. 

' R. T. Plimpton and W. Travers : " Metallic Derivatives of Acetylene : Mercuric 
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12, 1893, Thomas Wilson made a short allusion to an undeter- 
mined calcium carbide, as well as to a large number of other ele- 
ments or compounds. 

But this quotation is without scientific value, since Wilson gave 
no analyses of the products obtained and likewise did not observe 
that the product decomposes cold water with evolution of a gas. 
Moreover, the publication of the patent of Wilson was after our 
first notice on the electric furnace, in which we showed the forma- 
tion of pure calcium carbide^ along the electrodes. 

Wilson, who carefully avoided all fused baths, probably looked 
for metallic calcium ; if he had not the luck to discover crystalline 
calcium carbide, it is to him, in large part, that this compound 
owes its notoriety in North America. 

D. Preparation of Calcium Carbide 

An intimate mixture is made of T20 grams of lime from marble 
with 70 grams of sugar carbon; part of this mixture is placed 
in a crucible in the electric furnace and heated for fifteen min- 
utes with a current of 350 amperes at 70 volts. Under these 
conditions there is formed a carbide or acetylide having the 
formula CaCa, according to the following equation : 

CaO + 3C = CaCj + CO 

The lime is added in excess, since the crucible gives the quantity 
of carbon necessary for the formation of a definite carbide. The 
yield is about 120 to 150 grams. Calcium carbonate can be sub- 
stituted for lime in this mixture, but this proceeding is not so good 
on account of the large volume of the substances used. In this 
case the following equation shows the proportion of calcium car- 
bonate and carbon : 

CaCOa + 4C = CaCj + 3CO. 

The product, obtained in the two experiments, has the same ap- 
pearance. It is a black homogeneous mass which has been fused 
and takes the form of the crucible. 

In this preparation it is necessary that the lime and carbon be 
intimately mixed. An excess of powdered carbon should be 
avoided, as fused lime can not readily act on it and only 
a very little carbide is formed. If a liquid bath is not obtained, 

1 Moiflsan : Compt, rend.^ de TAcadémie des Sciences de Paris, December la, 1892. 
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the preparation is poor and the resulting powder gives only a 
feeble evolution of gas with water and sometimes none. By using 
higher currents (looo amperes at 60 volts) we repeated the ex- 
periment on a kilogram of the mixture of lime and carbon. 

If an excess of lime is employed, metallic calcium appears 
as the following experiment demonstrates: In the cavity of 
a quicklime electric furnace a mixture of lime and carbon in the 
proportions indicated in the following equation was introduced : 

CaO + C = Ca + CO 

The furnace had in the center of its side a circular opening 2 
cm. in diameter in which was placed an iron tube, covered on the 
outside with a lead spiral through which a current of cold water 
passed. 

After the furnace had been heated for seven or eight minutes 
with a current of 350 amperes at 50 volts, an abundant evolution 
of vapors appeared, while very bright white flames as long as the 
electrodes issued from the furnace. The vapors which passed 
through the cold iron tube left a gray deposit, which, in contact 
with water, gave a large quantity of hydrogen containing traces 
of acetylene. 

As we have previously remarked, it was impossible to unite the 
very finely divided calcivmi and form an ingot. 

In our first experiments we used lime from pure marble. If the 
lime contains sulphates, phosphates or silica, the results are a 
little different. Some of these impurities can be found in the 
acetylene gas. Sulphur is found as organic sulphides. 

To determine the influence of these compounds, we heated, by 
means of the arc, a mixture of sugar carbon and calcium sulphate. 
The mixture corresponded to the equation CaS04 + 4C. After 
completely drying in the Perrot furnace, it was placed in the 
electric furnace in a carbon tube, closed at one end. Length of 
heating, five minutes (900 amperes at 60 volts). The product 
collected at the bottom of the tube was well fused ; it showed a 
crystalline fracture, but was only slowly decomposed by water, 
giving a small yield of gas. The gas contained 99.2 per cent, of 
acetylene. This mixture, treated with dilute hydrochloric acid, 
gave a rapid evolution of gas, which, after absorption by potash, 
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then treated with ammoniacal cuprous chloride, gave the following 
results : 

I. 2. 

Hydrogen sulphide 56.20 57.00 

Acetylene 43-30 42.60 

The same experiment repeated with barium sulphate and carbon, 

in the same proportions, gave a well-fused crystalline mass, which 

evolved only a little acetylene with water. On the contrary, with 

dilute hydrochloric acid, energetic action took place and a gaseous 

mixture was set free, which on analysis contained : 

I. 2. 

Hydrogen sulphide 88.20 86.90 

Acetylene 11.40 12.80 

Barium phosphate, mixed with a quantity of sugar carbon, suffi- 
cient for complete reduction, was heated for three minutes in a 
carbon tube with a current of 950 amperes at 70 volts. A well- 
fused mass, crystalline and having a dark brown color, was found. 

This substance was decomposed by cold water and gave a 
copious evolution of a gas having a garlic odor. In order to 
separate the hydrogen phosphide which it contained, it was treated 
with a solution of copper sulphate. The acetylene was estimated 
in the gas by means of ammoniacal cuprous chloride. We ob- 
tained the following results : 

I. 2. 

Acetylene 89.00 88.50 

Hydrogen phosphide (PHj) 10.90 11.30 

The same experiment was repeated with the three sulphates 
and phosphates of the alkaline earths; the results were similar, 
although the volume of gas evolved with water varied. But if 
these mixtures are heated for a long time in the electric furnace 
or by a more powerful arc, it is possible to volatilize all of the 
sulphur or phosphorus and obtain an alkaline earth carbide, the 
only compound which is stable at a very high temperature.^ These 
experiments show that in the technical preparation of calcium 
carbide, lime, which contains phosphate, should not be used. The 
latter is easily reduced by carbon and gives a phosphide decom- 
posed by water with formation of hydrogen phosphide. 

1 We made some similar experiments on the arsenates of calcium and barium and 
with increasing temperatures obtained first a mixture of the carbide and arsenide, and 
finally a carbide free from arsenic. 
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We would add that lime mixed with magnesia only gives cal- 
cium carbide with difficulty. This seems to be explained by the 
fact that magnesia forms no carbide in the electric furnace, and 
consequently acts as an inert substance which retards the fusion 
of the mass. 

Physical Properties. — Calcium carbide cleaves easily, and shows 
a distinctly crystalline fracture. The crystals, when detached, 
have a golden color, are opaque and bright. The thin leaves, 
examined under the microscope, are transparent and have a dark 
red color. These crystals do not appear to be isometric. Their 
density at i8° in benzene is 2.22; this carbide is insoluble in such 
solvents as carbon disulphide, petroleum and benzene. 

Chemical Properties. — Hydrogen does not act on calcium car- 
bide either in the warm or cold. This compound, at the ordinary 
temperature, takes fire in fluorine gas with the formation of 
calcium fluoride and carbon fluoride. 

Dry chlorine is without action in the cold. At 245° the car- 
bide takes fire in chlorine; calcium chloride is formed with the 
separation of carbon, but the weight of this element is less than 
the weight of the carbon in the carbide. 

Bromine acts at 350° and the vapor of iodine decomposes the 
carbide with evolution of light at 305°. 

Calcium carbide bums in oxygen at dull redness, giving cal- 
cium carbonate. In the vapor of sulphur it takes fire at about 500° 
with formation of calcium sulphide and carbon disulphide. 

Pure dry nitrogen does not act on it at 1300°. The vapor of 
phosphorus at redness transforms calcium carbide into phosphide 
without causing it to take fire. The vapor of arsenic, on the con- 
trary, acts with great evolution of heat, forming calcium arsenide. 

At a white heat, silicon and boron are without action on the 
compound. Fused calcium carbide dissolves carbon which sepa- 
rates in the form of graphite. Calcium carbide does not react with 
most of the metals, Tt is not decomposed by sodium and mag- 
nesium at the temperature of the softening of glass. With iron 
there is no action at dull redness, but at a high temperature, an 
alloy of iron and calcium carbide is formed. 

Tin is without action at redness, while antimony, at the same 



212 THK ElrECTRIC FURNACE 

temperature, gives a crystalline alloy containing calcium. The 
most curious action presented by this carbide is with water. If 
an inverted tube is filled with mercury and a piece of the carbide 
introduced, then a few cubic centimeters of water are added, a 
violent evolution of gas is immediately produced which does not 
cease until all the carbide is decomposed; calcium hydroxide re- 
mains suspended in the liquid. The gas is pure acetylene com- 
pletely absorbed by ammoniacal cuprous chloride and leaves in 
the upper part of the tube only an almost imperceptible quantity 
of impurity. This decomposition of water is produced with evolu- 
tion of heat, but without evolution of light. It is as energetic as 
that produced by sodium in contact with water. 

From the weight of the carbide taken and from the volume of 
the gas, the reaction is represented by the following equation: 

CaCg + H2O := C2H2 + CaO 
This decomposition appeared in our work as soon as the carbide 
came in contact with a liquid containing water. This calcium 
carbide or acetylide affords then a ready means of obtaining pure 
acetylene as has been shown by Berthelot in his study on this 
compound. The gas obtained is pure acetylene, since eudiometric 
analyses have given the following figures : 

Gas analyzed 1.28 

Oxygen I5* I5 

Total gas 16.43 

After sparking i4-5o 

After the action of caustic potash . 1 1.98 

Contraction 1.93 

Carbon dioxide by difference 2.52 

If the gas was acetylene, CjHj, we would theoretically have 1.95 
as contraction and 2.56 as the volume of carbon dioxide. 

Another eudiometric analysis gave identical results. This proof 
was quite sufficient to establish the purity of the gas obtained. 
We, however, determined the density of the hydrocarbon. 

Two experiments gave the figures 0.907 and 0.912. Berthelot 
has shown that the density of acetylene is 0.92 and the theoretical 
density is 0.90. If the water vapor is allowed to act at a red 
heat on calcium carbide, the reaction proceeds with much less 
energy. The carbide becomes covered with a layer of carbon and 
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carbonate which prevents the action of the water vapor, and the 
evolution, consisting in large part of hydrogen and acetylene, is 
much less rapid. Acids act on the carbide, especially when dilute. 
With fuming sulphuric acid, gas is slowly evolved and appears to 
be largely absorbed. The ordinary acid gives a more energetic 
decomposition, and a marked odor of aldehyde is observed. 

Fuming nitric acid has no action in the cold, and scarcely any 
on boiling. Dilute nitric acid gives acetylene. A dilute solution 
of hydriodic acid also evolves pure acetylene. This is true with 
a solution of hydrochloric acid. On the contrary, heated in hydro- 
chloric acid gas to red heat it takes fire and evolves a gaseous 
mixture rich in hydrogen. 

Oxidizing agents act with great energy on the compound. 
Fused chromic acid takes fire in contact with calcium carbide, 
evolving carbon dioxide. The aqueous solution of chromic acid 
only sets free acetylene from the carbide. Fused potassium 
chlorate and nitrate apparently do not attack calcium carbide. 
It must be heated to redness, when it decomposes with evolution 
of light and formation of calcium carbonate. Lead dioxide oxi- 
dizes it with evolution of light below redness and the lead formed 
in the reduction contains calcium. Calcium carbide, ground with 
lead fluoride, at the ordinary temperature, glows. Heated at iSo** 
in a sealed tube with absolute alcohol, calcium carbide gives 
acetylene and calcium ethylate, 

2C2H5OH + CaQ = C2H2 + CaC^H^O. 

The acetylene gas obtained by this reaction can be completely 
absorbed by ammoniacal cuprous chloride, but it gives a black 
carbide which seems to indicate the existence of hydrocarbons of 
the acetylene series. 

The violent action of acetylene on chlorine, shown by Berthelot,^ 
can be demonstrated in the following manner : In a flask contain- 
ing cold water saturated with chlorine, some pieces of calcium 
carbide are introduced. Some bubbles of acetylene are imme- 
diately evolved which take fire in contact with the chlorine; at 
the same time the odor of the chlorides of carbon can be readilv 
detected. This form of decomposition gives a beautiful lecture 
experiment. 

1 Berthelot : *' Recherches sur l'acétylène," Ann. chitn. phys., 3e série, 67, 52. 
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Analysis. — The content of calcium was determined after decom- 
position of the carbide by water, taking into account Nos. 3 and 4, 
which left, after the action of the water, a small quantity of insolu- 
ble graphite. The carbon was estimated by difference, by loss of 
the weight of acetylene gas in a small apparatus similar to that 
which is used in the analysis of carbonates. The carbon was esti- 
mated by collecting over mercury the gas evolved from a given 
weight of carbide placed in a graduated tube and subsequentiy 
adding a small quantity of water. The two methods gave the fol- 
lowing results : 

1. 0.1895 gram of carbide evolved 64 cc. of gas with 4 cc. of 
water. The liquid theoretically dissolving its volume of acetylene, 
there was produced 68 cc. of gas. Theoretically at 15** and 760 
mm., 0.1895 gram of the carbide, CaCa, should give 68 cc. 

2. 0.285 gram of carbide gave 96.5 cc. with 4 cc. of water, or 
a total of 96.5 + 4 = 100.5. Theoretically, 102 cc. should be 
obtained. 

The determinations of carbon and calcium in the crystalline 
-compound that we described, gave the following figures : 

I. 2. 3. 4. Theoretical. 

Calcium 62.7 62.1 61.7 6.20 62.5 

Carbon 37.3 37.8 ... ... 37.5 

Consequently, as soon as the temperature is sufficiently high, 
metallic calcium or its compounds, in contact with carbon, forms a 
carbide or acetylide having the formula CaCg. This reaction can 
possibly be of some interest in geology. 

It is probable that, in the first geological periods, the carbon 
of the vegetable or mineral kingdoms existed in the form of car- 
bides. The large quantity of calcium on the surface of the earth, 
its distribution in all of the formations, early or recent, permits the 
view that it has played a part in this fixation of carbon under the 
form of a metallic compound. 

Moreover, Berthelot^ has already shown that the action of water 
vapor on the acetylides of the alkalies or alkaline earths can ex- 
plain the formation of carbides and the different carbonaceous 
materials. 

1 Berthelot : *' Sur Torig^ne des carbures et des combustibles minéraux.** Ann. cks». 
phys.^ 4e série, 9, 481. 
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We add that the action of the air on calcium carbide, giving 
carbon dioxide at redness, permits the explanation of the passage 
of carbon from a solid carbide to the gaseous form of carbon 
dioxide. This latter then can be assimilated by the v^etable 
kingdom. 

Decomposition of Calcium Carbide by Heat. — Some of the ex- 
periments made in the electric furnace have shown that calcium 
carbide can be decomposed by a current of g^eat intensity : 

(i) When we heated small quantities of calcium carbide with 
currents of 1200 amperes at 60 volts, if the experiment lasted ten 
minutes, a residue of pulverulent graphite was obtained which only 
contained traces of calcium carbide. 

This did not come from the volatilization of the compound since 
carbon powder remained in the crucible. It was more likely due 
to a dissociation of the carbide, calcium distilling and pulverulent 
carbon remaining as residue. 

(2) In the experiments made by means of the cold tube of 
Deville, which was used to study the condensation of the vapor of 
carbon, we never obtained condensations of calcium carbide. If 
fused calcium carbide is heated in the electric furnace, only a pow- 
der of graphite, lime and calcium is found on the copper tube, 
through which cold water passes. The powder in contact with 
water evolved hydrogen whose purity was determined by eudio- 
metric analysis. Like the carbides of sodium and lithium, but 
at a much higher temperature, calcium carbide can be decom- 
posed into the metal and carbon. 

Color of Ccdcium Carbide, — We have seen that the crystals of 
calcium carbide had a reddish brown, opaque and bright appear- 
ance, and the substance in thin leaves under the microscope ap- 
peared dark red. Recent investigations have shown that the 
coloration and appearance is due to impurities. Calcium carbide 
containing no iron at all is as transparent as sodium chloride. 

We give, as an example, the following experiments : 

( I ) When metallic calcium is heated to dull redness^ in a layer 

1 This synthesis of calcium carbide is made at a low temperature ; it can be effected 
by heating; the mixture of carbon and calcium in a porcelain crucible with the flame of an 
alcohol lamp. The heat evolved by the union of carbon and calcium is sufi5ciently high 
to cause the fusion of the calcium carbide, a fusion which heretofore has been attained 
only in the electric furnace. 
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of pure amorphous carbon, prepared by the sudden decomposition 
. of acetylene, white calcium carbide is obtained, which decomposes 
cold water with the formation of calcium hydroxide and evolution 
of acetylene. This carbide, examined under the microscope, is 
formed of a mass of transparent crystals. 

(2) When calcium hydride, CaHa, prepared by the direct union 
■ of calcium with hydrogen, is heated in a layer of pure amorphous 

carbon, white calcium carbide, CaCa, is obtained in thin leaves 
which are completely transparent. 

(3) A similar result is obtained when the preceding experiment 
is repeated with crystalline calcium nitride, CaNj. 

(4) Ammoniacal double acetylide of calcium, CaC2,C2H24NH;, 
that we obtained at — 60° by the action of acetylene on calcium 
ammonia, gives, on decomposition, a pure white calcium carbide 
which under the microscope is transparent. We mixed this white 
calcium carbide with a small quantity of iron oxide and fused it 
in the electric furnace in a crucible of pure graphite. On cooling, 
a red-brown calcium carbide was obtained similar in appearance 
to that prepared commercially. 

Pure calcium carbide is transparent; when it is chestnut-col- 
ored or red-brown, the color is due to the presence of iron, a trace 
- of this metal being sufficient to produce this coloration. 

Analysis of Some Specimens of Commercial Calcium Carbide.^ 
Since our first publications on the formation of crystalline calcium 
carbide by means of the electric furnace, this preparation has be- 
come of technical importance and to-day it is prepared in large 
quantities. 

Although the question at first sight seems simple, the prepara- 
tion of tons of carbide present some difficulties. The careful 
preparation of the mixtures, the nature of the lime and the car- 
bon, and the conduct of very large electrodes, which carry intense 
currents, have been as difficult as the questions which have been 
successively studied and which have to-day been in large part 
solved. The introduction and application of the bright burning gas 
which is produced from this preparation still presents some diffi- 
culties, but these problems, since later investigations, seem to be 
in a fair way toward solution. 
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At the beginning of this industry, the choice of the substances 
which entered into the reactions, calcium oxide and carbon, left 
much to be desired. The first manufacturers who undertook the 
preparation used as carbon, coke containing a large quantity of 
mineral matter rich in sulphur and phosphorus. The lime used 
was of any kind, nearly always containing the silicates, aluminum, 
phosphates and sulphates. 

There is apparently no reason why such a mixture was 
used, since the electric furnace gave a very impure calcium car- 
bide. The carbide contained sulphur, aluminum, calcium phos- 
phate, the silicides, in fact, silicides decomposed by water. In con- 
tact with a small quantity of water it immediately gave very im- 
pure acetylene, contaminated with hydrogen phosphide and hydro- 
gen sulphide. 

In order to increase the profits or from ignorance, the manu- 
facturers at first produced impure calcium carbide and from it 
very impure acetylene. This poor preparation was the cause of 
the first difficulties >yhich were encountered in the application of 
acetylene to lighting. It is thus seen that it is necessary to start 
in with pure lime and carbon which is as free as possible from 
mineral matter. 

To-day, the manufacture is made under the best conditions. 
There is found in trade fused, homogeneous calcium carbide 
having a crystalline fracture and a characteristic red-brown ap- 
pearance. This carbide is always preferred for the manufacture 
of acetylene gas. In spite of the peculiar appearance of calcium 
carbide it is well to make an analysis of it. Many methods have 
been given and the one by Lunge and Cedercreutz^ in which a defi- 
nite weight of calcium carbide is precipitated by an excess of water 
and weighed, gives the best results. The great difficulty consists 
in obtaining a homogeneous sample when working with a quantity 
of any value. 

Theoretically, i kilo of calcium carbide should give 349 liters 
of acetylene gas. On decomposing some samples of calcium car- 
bide with milk of lime, previously saturated with acetylene gas, 
we obtained (at 0° and 760 mm.) the following volumes : 

1 IrUngeand Cedercrcutz : Ztschr, angtw. Chem.^ 651, 1897. 
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I. 2. 3. 4. 5. 6. 7. 

V°... 292.81 294.10 301.30 304.60 307.72 316.41 318.77 

If, on the contrary, the calcium carbide has not a fused and crys- 
talline appearance, if it is porous and grayish, its value is much 
less. Samples of this gave 228.60, 250.40 and 260.30. We have 
not studied the impurities of acetylene gas. They have been 
studied.^ We would only remark that some specimens contained 
somewhat large quantities of ammonia. Chuard^ observed this 
fact and found 0.03 and 0.06 per cent, ammonia in the gas, and 
from 0.24 to 0.40 per cent, nitrogen in the residue. 

In four experiments made on four different specimens we ob- 
tained the following figures : 

I. 2. 3. 4. 

Total nitrogen 0.02 o. 12 o. 15 0.31 

Many of the carbides gave a small quantity of hydrogen phos- 
phide ; some gave none. The investigation of the insoluble residue 
left by calcium carbide on decomposition with water was investi- 
gated. To more readily study this residue we decomposed calcium 
carbide by an aqueous solution of sugar in order to keep the lime 
in solution as calcium sucrate. The somewhat small residue (we 
worked with 10 grams of carbide) was brought on a filter washed 
with a solution of sugar, then pure water, both of the liquids 
being free from carbon dioxide. It was then treated with alcohol 
and finally with ether, and dried at 40° in vacuo, Examir.ed with 
the microscope, the residue contained carbon silicide, a silicide 
of calcium and iron, white particles rich in lime, sometimes a 
little calcium sulphide and graphite. If this residue is treated 
with 1 : 10 hydrochloric acid it partially dissolves, and in the 
solution, iron, lime, a small quantity of alumina, and phosphorus 
are found. The carbon silicide and the graphite always remain 
unattacked. The calcium sulphide dissolves. It was then treated 
with concentrated hydrochloric acid, when lime, iron and silica 
passed into solution. There is no relation between the quantities 
of the insoluble matter and the quality of the acetylene. 

Ï C. Wilgerodt : Ber. d. chem.\Ges., aioy, 1895; De Brevans : •X'Eclairage a' l*acéty1ène, 
je Congrès international de chimie appliqués," Vol. Ill, p. 506 : Goiand : "Analyse de 
l'acétylène obtenu par le carbure de calcium," Ibid., p. .574 ; Berge and Reychler : Buit 
Soc. Chim , 17, 218 (1897). 

2 Chuard : ** Sur le produits de decomposition du carbure de calcium par l'iav." BuU. 
Soc. Chim., aa, 678 (1897). 
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The different treatments made on the same samples gave the 

following figures : 

I. 2. 3. 4. 5. 

Treatment with sugar solution 3.40 5.3 3.2 3.9 3.4 

Treatment with I : 10 hydrochloric acid . 2.10 1.9 1.5 2.4 1.4 
Treatment with concentrated hydrochlo- 
ric acid 1.70 1.7 1.4 2.2 I.I 

After this treatment and by comparing the residues with the 
microscope, we were able to determine in what condition the most 
of the impurities existed. 

Silicon. — The silicon is found mostly as carbon silicide. This 
compound is easily recognized under the microscope and by its 
hexagonal crystals which are colored green and blue and which 
are characteristic. It can be readily separated from the other 
substances by reason of its stability and the density of 
3. 121. If the residue from calcium carbide is treated alternately 
with boiling sulphuric acid and hydrofluoric acid, only carbon 
silicide and graphite remains. With bromoform, whose density 
is 2.9, these two substances can be separated. 

Silicon is sometimes found as calcium silicide, as Le Chatelier 
has shown.^ There is found, in this mixture, small spheres hav- 
ing a metallic fracture and containing iron, carbon and silicon. 
There is also found thé piles of crystals of silica described by 
Marsden.^ For our part, we never found that calcium carbide 
took fire in the air, under the action of a small quantity of water 
by the inflaming of hydrogen silicide. On the contrary, it fre- 
quently happened, in the treatment of the residues with concen- 
trated hydrochloric acid, that hydrogen silicide was evolved. This 
gas arose from the decomposition of the calcium silicide. 

Sulphur. — In the samples studied we found sulphur as calcium 
sulphide or aluminum sulphide. We detected the presence of 
calcium sulphide in some residues, which remained after the action 
of the sugar solution, by a microchemical reaction, using a dilute 
solution of lead acetate and a few drops of acetic acid. The white 
particles of calcium sulphide became black. Hydrogen sulphide 

1 I^ Chatelier : " Sur les impuretés du carbure de calcium commercial," Buii. Soc. 
Chtm., Paris, 17, 793 (1897). 

* Marsden : Proceedings of the Royal Society, ao, 1880-81, Edinburgh. 
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is not evolved by the action of water on the calcitim sulphide, in 
presence of calcium hydroxide. 

To demonstrate this we took a small quantity of pure crystalline 
calcium sulphide which was prepared in the electric furnace, r^ 
duced it to a powder and treated it with concentrated milk of lime. 
The filtered liquid gave no black precipitate with a lead salt. We 
observed, on the contrary, that all of the carbides which we 
studied gave, with an excess of water, milk of lime, whose clear 
solution with lead salts gave a black precipitate containing sul- 
phur and traces of phosphorus. There appears to be cwnplex reac- 
tions between the calcium hydroxide and the calcium sulphide. 
The milk of lime, in vacuo, did not lose hydrogen sulphide. 

Nevertheless, hydrogen sulphide is not found in the acetylene 
gas evolved when the carbide is decomposed by water. The milk 
of lime which is formed always tends to retain the hydrogen 
sulphide. 

In the preparation of calcium carbide, the sulphates, which the 
lime contains, are reduced with the formation of calcium sulphide 
which is not decomposed by water. If the lime contains aluminum 
silicates, the silicon, with the carbon, forms carbon silicide, and 
if sulphur exists as sulphate or sulphide, it can form aluminum 
sulphide which is decomposed by cold water with formation of 
hydrogen sulphide. Mourlot,^ on heating aluminum and stibnite 
in the electric furnace, obtained fused aluminum sulphide having 
a crystalline fracture and perfectly stable at this high tempera- 
ture. Calcium carbide, prepared under these conditions, can then 
contain aluminum sulphide and in contact with cold water evolve 
hydrogen sulphide. 

Sulphur ought not to be found as silicon sulphide. We give, 

« 

on this point, the following experiment : When impure aluminum 
containing silicon is heated in a boat in a current of hydrogen 
sulphide to redness, fused aluminum sulphide is formed in the 
boat, and in the cold part of the tube a ring of silicon sulphide is 
found. The latter compound is volatile and does not appear in the 
calcium carbide prepared in the electric furnace. 

When calcium carbide contains calcium sulphide, it gives, by 

1 Mourlot : " Sur Taction d*une haute temperature sur quelques sulfures,** Compt. 
rend., 133, 55 (1896). 
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decomposition with water, small quantities of a sulphur-contain- 
ing organic compoimd which differs from hydrogen sulphide. 
This can be shown as follows : Acetylene gas, produced by the 
decomposition of carbide with water, was passed through two 
I^iebig bulbs which contained copper nitrate or better, potash ; or, 
still better, lead nitrate. It was then burned and the gases drawn 
through a small quantity of distilled water kept at o°. In three 
-cases it formed, by combustion, a small quantity of sulphuric acid 
which was subsequently detected. The Liebig bulbs retained all 
of the hydrogen sulphide and allowed a sulphur compound to pass 
through.^ A blank experiment was made under the same condi- 
tions with the laboratory air, but nothing resulted. The best 
reaction was produced after washing the acetylene by an alkaline 
solution. 

In this experiment the first Liebig bulb, containing the copper 
nitrate or the lead salt, blackened under the influence of the hydrc^- 
gen phosphide, but after the experiment only contained traces of 
sulphur. Frequently it contained none and the gas was free from 
"hydrogen sulphide. The estimation of the total sulphur made 
on three samples of calcium carbide gave 0.37 per cent., 0.43 per 
-cent, and 0.74 per cent.^ 

Iron. — Iron is found as silicide and carbo-silicide. Its con- 
tent is very variable and depends largely on the purity of the car- 
IxMi used.^ 

Phosphorus. — This non-metal is the most troublesome impurity 
in calcium carbide. The most of it is found as calcium phosphide 
which is decomposed by water; some is also found in the small 
spheres which have a metallic appearance and contain iron and 
silicon. 

1 I«unge and Cedercreutz obtained the same results by washing the acetylene gas with 
-a solution of lead acetate and then oxidizing by a solution of sodium hydrochlorite. They 
-obtained a precipitate by barium chloride. 

* This analysis was made in the following manner: Several grams of the carbide were 
•decomposed with a small quantity of alkaline liquor, evaporated to dryness, and fused 
^with a mixture of alkaline carbonate and nitrate. The fusion was dissolved in water, and, 
after filtering, the liquid was made acid with hydrochloric acid. After treatment with 
ammonia and filtration, the sulphur was determined. Pope has previously gfiven a dif- 
ferent method. Pope : " Estimation of Sulphides in Calcium Carbide,"y. Am. Chem. Soc.^ 
18, 740. 

s In some carbides, rounded masses having a metallic appearance and containing iron 
:are found, several centimeters through, which come from the fusion of the clamps which 
><arry the electrodes. We have not studied these masses. 
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Carbon, — Some specimens of calcium carbide contained a quan- 
tity of graphite. The graphite we obtained was in very thin 
leaves, sometimes hexagonal, but more often distorted and irregu- 
lar. This graphite did not swell, and energetically retained silica 
and calcium. Inasmuch as the diamond has been announced in 
technical calcium carbide, we made a special investigation of this 
variety of carbon. After treatment with water, then with con- 
centrated hydrochloric acid, the residue obtained was submitted 
to the treatment that we described for the separation of the 
diamond from all kinds of impurities. Under these conditions we 
separated some round, transparent particles, which possessed no 
crystalline appearance and did not burn in oxygen. To make the 
combustion, we used the platinum boat that we described in the - 
preparation of the artificial diamond. None of the specimens o^ 
calcium carbide that we studied contained the diamond. 

Action of Calcium Carbide on the Oxides. — Fused calcium car — 
bide reacts energetically on the oxides. If the metal does noff- 
unite with carbon as is the case with lead, tin and bismuth, it îs- 
liberated and can be separated or can be combined with other 
bodies according to the conditions of the experiment. If the 
metals or non-metals can unite with carbon, a double decomposi- 
tion takes place according to the equation 

RO + CaCj = CaO + RC ^, 
in which R represents any metal and n the number of carbon atoms 
which combines with it. We have thus been able to prepare 
compounds of aluminum, chromium, manganese, tungsten, tita- 
nium and silicon, already obtained by direct union or reduction of 
the oxide. 

The two other alkaline earth metals, barium and strontium, 
readily form the crystalline carbides or acetylides whose proper- 
ties are similar. We will briefly describe them. 

£. Preparation of Barium Carbide 

The carbon crucible of the electric furnace is filled with 
an intimate mixture of 50 grams of dry baryta with 30 
grams of sugar carbon. On cooling, a black, fused mass 
is obtained, which assumes the form of the crucible and 
which is easily broken. On breaking, it shows large, leafy 
crystals. It is possible to substitute barium carbonate for 
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the oxide, when it is desirable to omit the preparation of the 
latter in pure condition. In this case, 25 grams of sugar carbon 
are added to 150 grams of pure barium carbonate, the whole is 
<:arefully mixed and heated as before. The yield is a little less 
than the latter preparation, but the product obtained is identical 
and corresponds to the formula BaCa- We have previously seen, 
in connection with calcium carbide, that Maquenne, by the action 
of magnesium on barium carbonate, prepared impure barium car- 
bide, which, with water, gave acetylene containing 3 to 7 per cent. 
of hydrogen. 

F. Preparation of Strontium Carbide 

Strontium carbide is obtained under the same conditions and 
with the same ease by heating, in the electric furnace, a mixture 
of 120 grams of strontia and 30 grams of sugar carbon or 150 
grams of strontium carbonate and 50 grams of sugar carbon. 
Strontium carbide, SrCg, also appears as a black mass with a red- 
l>rown fracture. Like the other alkaline earth carbides it de- 
•composes in moist air. 

Properties, — Barium carbide is the most fusible of the alkaline 
-earth carbides; it has a density of 3.75. Strontium carbide has 
a density of 3.19. The carbides are attacked by fluorine with 
evolution of light and the formation of fused fluoride. They are 
immediately decomposed by water, like calcium carbide, giving 
the hydrated oxide and pure acetylene gas. The acids, either con- 
centrated or dilute, have an action similar to that described with 
-calcium carbide. The action of the halogens is energetic. In 
presence of the gaseous halogen, when the temperature is sufii- 
-ciently high, the reaction takes place with evolution of light. 
In order to compare the different results, we give the tempera- 
tures taken with the electric pyrometer and by the thermometer, 
at the moment when they took fire. 

Temperature where light is evolved in 
Dry chlorine. Bromine vapor. Iodine vapor. 

CaCj 245° 350° 305° 

SrCj 197° 174° 182° 

BaCj 140° 130° 122® 

This action of the halogens is curious, while barium carbide 
xeadily combines with chlorine, bromine and iodine; it unites 
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with the latter element at a lower temperature than with bromine 
or chlorine. The reverse is the case with calcium carbide. The 
action of oxygen is also energetic, but at a much higher tempera- 
ture. The temperature must reach the softening point of glass, 
and with barium carbide the experiment is very pretty. A bright 
glowing is produced at the same time fused baryta is formed. 
Barium carbide is decomposed with evolution of light by sulphur 
at a temperature slightly above the fusion-point of the latter sub- 
stance. Barium sulphide and carbon bisulphide are formed. The 
same reaction takes place with strontium carbide at 500°. 

Selenium acts similarly with bright light, forming carbon 
selenide and an alkaline earth selenide. 

Nitrogen does not act at 1200°,^ but the vapor of phosphorus 
acts energetically at dull redness, bright light is evolved, and the 
phosphide is formed. 

With arsenic, the reaction is not so strong and requires a higher 
temperature. At 1000°, silicon and boron do not act on these 
alkaline earth carbides. 

Analyses, — The determinations of carbon, barium and strontium 
were made by the methods given with calcium carbide. 

The analyses gave the following results : 

I. 2. Theoretical. 

Strontium 77.96 78.32 78.47 

Carbon 21.55 21.41 21.52 

I. a. Theoretical. 

Barium . 85.30 85. 10 85.00 

Carbon 15. 10 14.87 15.00 

These compounds correspond to the formula SrCg and BaCj. 

C0NC1.US10NS. — The alkaline earth metals, calcium, strontium 
and barium readily unite with carbon at the temperature of the 
electric furnace, and give crystalline carbides. These bodies are 
decomposed by cold water with formation of the hydrated oxide 
and pure acetylene. This new method for the preparation of the 
carbides of the alkaline earths in the electric furnace has entered 
into practical industry since the publication of our first work. It 
affords the ready production of acetylene gas and the first applica- 
tion of this hydrocarbon to lighting seems to have given good 

1 The residue treated with boiling water after the evolution of acetylene, gave, how- 
ever, some ammoniacal vapors. 
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results. The industrial preparation of calcium carbide has been 
studied in France particularly by Bullier, and in the United 
States by Wilson. This simple preparation of the alkaline earth 
carbides in the electric furnace can also produce some changes 
in the manufacture of baryta and strontia. These two oxides 
and their salts can be readily obtained by starting with the car- 
bides formed by the action of carbon on the natural carbonates of 
barium and strontium. These carbides are decomposed by water, 
with formation of acetylene, giving hydrated strontia or baryta 
which could be transformed into chloride, chlorate or nitrate. 

G. Cerium Carbide 

Our work on the carbides of the alkaline earths led us to study 
the combinations of carbon with the cerite metals. We must men- 
tion that Otto Petterson, in a paper having the title "Contributions 
to the Chemistry of the Rare Earth Elements,"^ prepared, by 
applying our electric-furnace method, the carbides of lanthanum, 
yttrium, erbium and holmium. Petterson has given no analyses 
of the hydrocarbons formed by the action of water. It is to this 
point that our experiments were particularly directed. 

Preparation of Cerium Carbide. — Pure white cerium dioxide, 
CeOs,^ intimately mixed with sugar carbon in the following pro- 
portions : 

Sugar carbon 48 

Cerium oxide 192 

These proportions correspond to the equation 

CeOg + 4C = CeCg + 2CO. 
The reduction is made in the electric furnace at a relatively low 
temperature. The oxide first fuses, then boils— due to the evolu- 
tion of carbon dioxide. The heating is interrupted when the mass 
is in quiet fusion. This preparation was made in a carbon tube 

1 Petteraon : Supplement to the Proceedings of the Swedish Royal Academy, Vol. II, 
p. 2, No. I, 1895. 

* In order to prepare the dioxide, cerite is first treated with sulphuric acid. The sul- 
phates thus obtained are transformed into oxalates and the oxalates converted into ni- 
trates. By applying to these nitrates the method of Debray, or better, by fusing the ni- 
trates in a bath of sodium and potassium nitrates which melt at a low temperature, it is 
possible to precipitate the cerium as cerium oxide with the basic nitrates of lanthanum 
and didjnnium. On dissolvini; the nitrates in dilute sulphuric acid, pale yellow cerium 
oxide remains. This treatment is repeated three or four times in order to bring it into a 
sufficiently pure condition. 



226 THE E:i.ECTRIC FURNACE 

closed at one end. With a current of 300 amperes at 60 volts, 
the complete reduction of 100 grams of cerium oxide requires 
eight to ten minutes. When a current of 900 amperes at 50 volts 
is used, 600 grams of material are reduced in three minutes. We 
have had occasion in this work to prepare more than 4 kilos of 
cerium carbide. 

Properties, — Cerium carbide appears as a homogeneous fusion 
having a crystalline fracture. It decomposes on exposure to the 
air, becoming covered with a yellow powder; at the same time 
there is evolved a characteristic garlic odor recalling that of 
allylene. Examined under the microscope, in benzene, the finely 
pulverized carbide shows crystalline fragments, among which are 
found transparent, hexagonal particles which have a yellow-red 
color. When it contains no graphite, the small, colored crystals 
are entirely transparent. The density of cerium carbide in ben- 
zene is 5.23. 

Fluorine does not attack the carbide in the cold, but, by a slight 
elevation of the temperature, a bright evolution of light is pro- 
duced, and a white volatile fluoride is formed. 

Chlorine attacks it about 230°, forming cerium chloride which 
envelopes the graphite when the carbide contains it. 

Bromine and iodine similarly evolve light, but at a higher tem- 
perature. In oxygen, cerium carbide burns brightly at redness, 
forming a crystalline residue of oxide and giving off carbon 
dioxide. The reaction is complete and by this means the metal 
and total carbon can be determined. The vapor of sulphur gives 
with evolution of light cerium sulphide which, in contact with 
acids, evolves hydrogen sulphide. Selenium acts below red heat. 

Nitrogen and phosphorus are without action on cerium carbide 
at the temperature of the softening of glass. 

Carbon dissolves in fused cerium carbide and crystallizes in 
the mass under the form of graphite. 

Gaseous hydrochloric acid attacks cerium carbide at 650** with 
evolution of light. The chloride is formed, mixed with a volumi- 
nous carbonaceous residue ; at the same time, hydrogen is evolved. 

Hydriodic acid at dull redness gives an iodide under similar 
conditions. At redness, hydrogen sulphide gives a mixture of 
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graphite and cerium sulphide. At 6cx)°, ammonia does not form 
nitride. 

Oxidizing agents act energetically on this compound. Potas- 
sium chlorate attacks it with evolution of light as soon as it fuses. 
The decomposition is less energetic with potassium nitrate. Fused 
potash and potassium carbonate decompose cerium carbide with 
great evolution of heat, giving hydrogen and a yellow-white oxide. 
Concentrated sulphuric acid does not act in the cold, but in the 
heat, sulphurous acid is set free. Fuming nitric acid is without 
action, and dilute acid only acts on account of the water which it 
contains. 

The most characteristic reaction of cerium carbide is that which 
it gives with water. On allowing some water to drop on a piece 
of the carbide, the temperature is raised so much that it vaporizes 
the liquid. With excess of water, the reaction, violent at the 
beginning, quiets down and is not complete until after ten or 
twelve hours. Cerium carbide forms, on decomposition, a white 
cerium hydroxide which, in contact with the air, takes on a winç 
coloration. The gas which is evolved is mainly acetylene and 
methane. On analysis, it gave the following results.^ 

I. 2. 3. 4. 5. 

Acetylene 75.oo 75.50 76.69 76.42 75.64 

Ethylene 3.52 4.23 .... .... .... 

Methane 21.48 20.27 •••• •••• 



• • • • 



These results were obtained with carbides free from calcium, and 
treated with an excess of water at the ordinary temperature. 

This decomposition, giving a constant content of acetylene and 
methane, led to the thought that we had to deal with the two 
simple related bodies, the first of which gave acetylene, and the 
second methane; for example, that which would be formed by a 
mixture of alumina and lime changed into the form of carbides. 

Consequently, we attempted to fractionate the cerium carbide 
by treatment with water, by very dilute mineral acids or by organic 
acids under different conditions, but our attempts were fruitless. 
The action of the high temperature of the electric furnace on 
cerium carbide, was tried in order to produce a partial distillation, 

1 To separate the different hydrocarbons, we followed the methods of Berthelot. The 
details are g^ven under lanthanum carbide. 
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with the view of obtaining a purer carbide, but it gave no better 
results.^ From these experiments we have drawn the following 
conclusions : 

When cerium carbide is decomposed with ice-water, the propor- 
tion of the different hydrocarbons varies, as is shown by the 
following figures : 

I. a. 3- 

Acetylene 78.47 79.7 80.00 

Ethylene 2.63 ... .... 

Methane 18.90 ... .... 

If cerium carbide is not decomposed by water but by dilute 
acids, the proportion of acetylene again varies. A cerium car- 
bide which, with an excess of pure water at the ordinary tempera- 
ture, gives a mixture of gases containing 71 per cent, acetylene 
and only 65.8 per cent, with dilute hydrochloric acid, with nitric 
acid gives 83 per cent. 

Moreover, if the residue from the decomposition of cerium car- 
bide by water is examined and if the liquid is extracted with ether, 
3 to 4 per cent, of the combined carbon is found as hydrocarbons. 
The decomposition of cerium carbide by water is as complex as 
that of uranium carbide, which we shall describe later, but takes 
place without evolution of hydrogen. .This complexity is due to 
secondary reactions which are produced according to the condi- 
tions and the temperature. 

Analysis. — The cerium was estimated as CeOg by roasting the 
sulphate or nitrate or by direct combustion of the carbide in oxy- 
gen. The figures show little difference according to the method 
used; they are always a little higher than the theoretical, which 
appears probable from the fact that we used the atomic weight 
141. 

According to different chemists who have worked with cerium 
and according to Schutzenberger, the oxide CeOj does not always 
have a constant composition. The total carbon was determined 
by direct combustion in oxygen and weighed as carbon dioxide. 

The samples containing graphite were treated with nitric acid 

^ It should not be forgotten that in the long experiments made in the electric furnace, 
the cerium can take up a small quantity of calcium carbide. It should always be made 
sure that the cerium carbide thus treated contains no calcium. 
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and the content of graphite determined by weighing as carbon 
dioxide after combustion in oxygen. 

The formula CeCg requires, theoretically: 

Ce 85.45 

C 14.54 

We obtained the following figures : 

I. 2. 3. 4. 5. 6. 

Cerium 86.46 85.99 85.37 85.74 86.12 85.93 

Carbon 14*90 14.81 .... .... .... .... 

C0NC1.USIONS. — In the electric furnace, cerium, in presence of 
carbon, gives a crystalline carbide having the formula CeCj. anal- 
ogous to calcium carbide and decomposed by cold water, forming 
a gaseous mixture of acetylene, ethylene and methane, and more 
or less condensed liquid and solid hydrocarbons. 

H. Lanthanum Carbide 

Preparation, — Lanthanum oxide is readily reduced by carbon 
at the temperature of the electric furnace. This reduction re- 
quires a higher temperature than that of cerium oxide. Lanthanvun 
oxide is mixed with finely pulverized sugar carbon in the following 
proportions : 

I/anthanum oxide 100 

Sugar carbon 80 

This mixture is packed in a carbon tube closed at one end and 
heated in the electric furnace for twelve minutes with an arc of 
358 amperes at 56 volts. 

Properties. — A well-fused, homogeneous mass is obtained which 
has a slightly darker color than cerium carbide. The pieces, ex- 
amined under the microscope, are transparent and yellow-colored ; 
they have a marked crystalline appearance. The density of 
crystalline lanthanum carbide was found to be 5.02 at 20°. It is 
thus slightly higher than that given by Petterson (4.71). 

Fluorine does not attack lanthanum carbide, even if pulverized, 
at the ordinary temperature. If it is slightly heated, it bums 
brightly with the formation of fluoride. 

Chlorine attacks the compound at 250® with evolution of light, 
forming lanthanum chloride. Bromine gives the same result at 
255°. Iodine reacts similarly with evolution of light. 
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Lanthanum carbide burns in oxygen with more difficulty than 
cerium carbide. At redness, the combustion is complete, and this 
reaction affords the separation of lanthanum as oxide, and the 
total carbon as carbon dioxide. 

Sulphur acts with difficulty on lanthanum carbide. The carbide 
can be heated in the vapor of sulphur to the temperature of the 
softening of glass without formation of a sulphide. The product 
treated with water gives a hydrocarbon and treated with hydro- 
chloric acid it gives only very little hydrogen sulphide. 

The vapor of selenium gives a more energetic action ; selenide 
is formed which can be decomposed by hydrochloric acid with 
evolution of hydrogen selenide. 

Nitrogen and phosphorus appear not to react between 700° and 
800°. However, lanthanum carbide, which has been heated in 
nitrogen, gives a little ammonia with fused caustic potash. 

Carbon dissolves ir. fused lanthanum carbide, and, on cooling, 
deposits as well-crystallized graphite. 

Dilute acids readily attack lanthanum carbide while concen- 
trated nitric acid is without action on it. On the contrary, hot, 
concentrated sulphuric acid is decomposed with formation of sul- 
phurous acid. Lanthanum carbide, heated in a current of ammo- 
nia gas, is decomposed at redness with slight glowing, forming 
a nitride which, fused with caustic potash, gives ammonia. 
A nitride exists which we will study later. Hydrochloric acid gas 
attacks lanthanum carbide below redness, giving lanthanum chlo- 
ride and hydrocarbons. The carbide heated below redness in a 
current of nitrous oxide or nitric oxide bums brightly. 

Oxidizing agents, such as powdered permanganate, fused 
chlorate and nitrate of potassium attack it with great evolution 
of heat. Fused caustic potash destroys it with formation of hydro- 
gen. Water rapidly decomposes lanthanum carbide at the ordi- 
nary temperature. Hydrated oxide is formed and hydrocarbon 
gases are evolved. The gas, thus produced, contains acetylene, 
ethylene and methane. The acetylene was absorbed by ammonia- 
cal cuprous chloride, the ethylene by bromine, and the composition 
of the methane was ascertained by eudiometric analysis. In order 
to be certain that the latter gas was pure methane, it was treated 
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with absolute alcohol, free from air, according* to Berthelot.* 
After separating the liquid, the vapor of alcohol was absorbed 
by sulphuric acid, and a new eudiometric analysis of the residue 
gave the same figures as before. We did not find a mixture of 
ethane and hydrogen, but only methane. We obtained the follow- 
ing results : 

I. 2. 3. 4. 

Acetylene 7^-75 70.18 71.17 70.71 

Ethylene 1.93 1.15 0.95 2.01 

Methane 27.22 28.67 27.88 27.98 

These gaseous products contained nearly all of the carbon com- 
bined with the lanthanum. 

An experiment was made on a definite weight of a carbide con- 
taining 5 per cent, of graphite. The gas obtained gave the figures 
in analysis No. 4. They correspond to 11.66 per cent, of carbon 
while, theoretically, we should obtain 13.7 per cent. This differ- 
ence of carbon is found under the form of a small quantity of 
liquid and solid hydrocarbons, which can be separated by ether 
from the water used for the decomposition of the metallic carbide. 

Ancdysis, — The total carbon was determined by direct combus- 
tion in oxygen. In another portion, a weighed amount of carbide 
was treated with dilute nitric acid, the graphite was weighed on a 
tared filter and the nitric acid solution evaporated and ignited 
gave the lanthanum. 

Theoretical 
I. 2. I«aCs. 

Lanthanum 85.42 85.80 85.23 

Carbon 14-59 i4-07 14-77 

Conclusions. — Lanthanum oxide, mixed with carbon, and 
heated in the electric furnace, readily forms a transparent and 
crystalline carbide having the formula LaCg. This carbide is de- 
composed by water at the ordinary temperature, giving a mixture 
of acetylene and methane with a small quantity of ethylene. The 
proportion of methane is a little greater than from cerium car- 
bide. 

When it is heated with water, the compound also gives a small 
quantity of liquid and solid hydrocarbons. 

1 Berthelot : " Méthode universelle pour réduire et saturer d'hydrogène les composés 
organiques," Ann. chim. phys.y 4* série, ao, 392 (1870). 
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I. Carbides of Neodymium and Praseod3rnilum^ 

In our work on the carbides of neodymium and praseodymium 
we used the pure oxides, which were kindly placed at our disposal 
by Demarçay, and by Chenal and Douiltut. 

Preparation of Carbides of Neodymium. — Neodymium oxide, 
with which we started, possessed the dark color as shown by De- 
marçay ; it corresponded to the formula NdgOg. We prepared an 
intimate mixture of this oxide with sugar carbon in the following 
proportions : 

Grams. 

Neodymium oxide 250 

Sugar carbon 26 

A small quantity of spirits of turpentine was added to this 
mixture, and it was compressed into small cylinders. The 
latter were gently heated in a porcelain crucible until com- 
bustible gases were no longer evolved. The product, while 
still hot, was placed in tight flasks and kept free from all 
moisture. This mixture was placed in a carbon crucible and 
heated for four minutes in the electric furnace with a current of 
900 amperes at 50 volts. After the experiment, a fused mass was 
found in the crucible, which generally could be detached. In this 
case a nearly pure carbide of neod)miium appeared. If it is heated 
too long the carbide of neodymium attacks the crucible, dissolves 
varying quantities of carbon and adheres to the sides. 

Preparation of Carbide of Praseodymium. — The material used 
had a brown color and corresponded to the formula PrO,. A 
mixture of this oxide with sugar carbon was treated in a similar 
manner to the previous one, but in the proportions : 

Grams. 

Praseodymium oxide 250 

Sugar carbon 32 

The length of heating was the same and the product differed very 
little in appearance from neodymium carbide. 

Properties. — Neodymium carbide, under the microscope, showed 
yellow hexagonal plates slightly darker than aluminum carbide. 
Its density is about 5.15. Praseodymium carbide has the same 
color and likewise possesses a crystalline appearance. Its density 

1 Compt, rend., 136, «95. 
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was found to be 5.10. The two carbides cannot be reduced by 
hydrogen at redness. 

Fluorine produces no sensible action at the ordinary tempera- 
ture, but when the carbide is slightly heated, light is evolved and 
the reaction continues in the current of fluorine gas. The fluorides 
obtained are insoluble in water. Neodymium fluoride is greenish 
white, while praseodymium is of a sulphur-yellow color. The 
heat of the reaction was sufficiently high to cause fusion; but 
the fluorides are not readily volatile. 

In a current of chlorine gas the carbides do not react in the 
cold, but when heated to dull redness, light is evolved and the an- 
hydrous chlorides are produced which are soluble in water with 
evolution of heat. 

Bromine acts like chlorine, evolving light, while iodine vapor 
at dull redness evolves less heat, does not evolve light, and gives 
one or more iodides soluble in water. 

If the carbides are heated to about 400° in a rapid current of 
oxygen, light is evolved and the oxidation is complete. This re- 
action was used for the determination of the carbon. 

Sulphur slowly reacts at the boiling-point. Thé sulphides 
formed are readily decomposed by the acids, by boiling water, 
and slowly by cold water. 

At 1200° nitrc^en acts on the carbides, but the transformation 
into nitride is only superficial. The residue thrown into water 
gives ammonia. We shall see later that other experiments demon- 
strate the existence of nitrides, of neod)miium and of praseo- 
dymium. Carbon rapidly dissolves in the fused neodymium and 
praseodymium carbides. On cooling, graphite separates. It is 
possible to obtain carbides of a gray appearance resembling 
plimibago. In contact with water, these carbides decompose as 
rapidly as the carbides of cerium, lanthanum and yttrium. They 
evolve large quantities of gas and leave a hydrated oxide. This 
hydrate is greenish white with neodymium, and purple with 
praseodymium. They also form liquid and solid hydrocarbons. 
The gas was analyzed by the method already described and was 
mainly formed of acetylene, with a small quantity of ethylene and 
of the ethylene hydrocarbons. It also contained methane hydro- 
carbons. 



• • 



• • • 
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DECOMPOSITION OF NEODYMIUM CaRBIDK BY WATER. 

I. 2. 3. 4. 

Acetylene 66.22 65.42 65.80 67.20 

Ethylene hydrocarbons .... 6.34 5.92 6.90 5.95 

Methane hydrocarbons 27.44 28.66 27.30 26.85 

Decomposition of Praseodymium Carbide by Water. 

Acetylene 67.50 68.31 

Ethylene hydrocarbons 2.50 3.57 

Methane hydrocarbons 30.00 28. 12 

The acid solutions of the two carbides behaved differently, 
according to the quantity of water which they contained. Concen- 
trated nitric acid does not attack the carbides, while dilute nitric 
acid evolves a gas whose composition varies by reason of the oxi- 
dizing properties of the acid. 

Similarly, boiling concentrated sulphuric acid is reduced with 
evolution of sulphur dioxide and the dilute acid acts on account 
of the water which it contains. 

Hydrochloric acid gas does not act in the cold on these carbides, 
but at dull redness light is evolved. The products are soluble in 
water and with neodymium gives a rose solution, and with praseo- 
dymium a green solution. 

The two carbides are attacked at redness without evolution of 
light by hydrogen sulphide with formation of a sulphide, the 
properties of which were the same as those of the one obtained by 
means of sulphur. 

Ammonia gas acts at 1200° on the carbides of neodymium and 
of praseodymium. The former becomes black and the latter 
yellow. Itie residue, treated with water, gives hydrocarbons 
and evolves large quantities of ammonia, giving evidence of the 
existence of the nitrides of these metals. 

Analysis. — The fused carbides were treated with dilute nitric 
acid, which dissolved them rapidly; when they contained a small 
quantity of graphite the latter was removed by filtration and its 
weight deducted. The nitrate was evaporated to dryness and 
ignited. From the weight of the oxide obtained, the quantity of 
metal contained in the carbide was calculated. 

Other determinations were made by precipitating a slightly acid 
nitrate solution with ammonium oxalate. The oxalate was ignited 
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to oxide. In these determinations the figures were always lower. 
The carbon was determined by combustion in oxygen, weighing 
as carbon dioxide. It is necessary that the combustion should take 
place at a high temperature in order that no unattacked carbide 
remains.^ 

Carbide op Nbodymium. 

Theoretical 
I. 2. 3. forNdCj. 

Neodymium 84.24 85.73 85.90 85.68 

Carbon 14.08 14.28 13.37 ^4.32 

Carbide op Praseodymium. 

Theoretical 
I. 2. 3. for PrCg. 

Praseodymium 84.60 85. 10 84.91 85.41 

Carbon 14.40 13-79 14-29 1458 

Conclusions. — Neodymium and praseodymium oxides, heated 
with carbon in the electric furnace, give crystalline carbides hav- 
ing the formula NdCj^ and PrCj. These carbides are decomposed 
by cold water, giving a mixture of hydrocarbons and hydrogen, 
and hydrated oxide. 

We have shown that the three alkaline earth carbides prepared 
in the electric furnace give pure acetylene; aluminum carbide 
under the same conditions gives pure methane. It is known that 
neodymium and praseodymium belong to the cerium group and 
in their properties are between the alkaline earth metals and 
aluminum. It is somewhat curious that the carbides of neo- 
dymium and praseodymium with water give a complex mixture 
of hydrocarbons, rich in acetylene and methane. We have ob- 
served that in the mixture of hydrocarbons the quantity of acety- 
lene diminishes from cerium to neodymium and that neod)miium 
and praseodymium, similar metals, that have for a long time been 
confounded under the name didymium, give with water a mixture 
of hydrocarbons of similar composition. 

Finally, the carbides of cerium, lanthanum, neodymium and 
praseodymium all correspond to the formula RCg. 

J. Yttrium Carbide 

The study of the carbides of yttrium and thorium was made 
with Etard. 

Preparation of Yttria, — A number of minerals, such as gado- 

1 We took 143.6 for the atomic weight of neodymium and 140.5 for praseodymium. 
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linium, euxenite, monazite, contain the rare earths of the yttrium 
group. The usual method of treatment for the rare earths consists 
in attacking the powdered mineral with sulphuric acid and precipi- 
tating the oxides by oxalic add. 

The oxalates are washed, heated to 400** and then heated with 
dilute sulphuric acid. The clear solution is saturated with crystals 
of potassium sulphate. It is known that the double sulphates of 
the cerium group (lanthanum, didymium) are insoluble in a 
solution of potassium sulphate, while the double sulphates of the 
yttria group, such as erbium, holmium, etc., remain in solution. 
When these sulphate solutions no longer show the characteristic 
bands of neo- and praseodymium (old didymium), it is certain 
that the cerium and lanthanum are entirely precipitated. The 
mother-liquors are treated with oxalic acid, when all of the rare 
earths of the yttria group, erbium, holmium, thulitmi, etc., 
are obtained as oxalates. To separate the yttria from the other 
oxides, we used the following method: The complex mixture 
of the yttria earths is neutralized with sulphuric acid, then frac- 
tionally precipitated by neutral potassitmi chromate. Care should 
be taken to add only a small quantity of the alkaline chromate — 
about ^/lo the necessary quantity. There is first formed a basic 
chromate of the rare earths, in which erbium, holmium and 
other elements predominate. The precipitate being basic, the 
solution becomes rich in chromic acid and takes on a beautiful 
color. The precipitate formed under these conditions immediately 
becomes crystalline. It is separated, washed, and reduced with 
acid and alcohol ; the oxalate is then obtained which is ignited to 
oxide. 

The red mother-liquors are treated again with another Yj^ 
portion of potassium chromate; at the same time sufficient 
ammonia is added to effect neutralization, which is shown 
by the yellow coloration of the liquor. Another precipitate 
appears, at first flocculent, but soon becomes crystalline. 
On methodically continuing this operation, the tenth pre- 
cipitate is basic yttrium chromate. The separated rare earth 
shows no absorption bands and its atomic weight is 89. 
With care it is possible to obtain these fractions in series by this 
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method, and with patience obtain hundreds of grams of yttria,^ 
free from the absorption bands of neodymium, praseodymium, 
erbium, holmium, thulium and samarium. This proceeding, more 
rapid than those hitherto described, furnished us the yttria used 
in our work. 

Preparation of Yttria Carbide, — Very finely powdered yttria 
was intimately mixed with sugar carbon, and a small quantity of 
turpentine added to make a thick paste. The whole was strongly 
pressed and the blocks were heated in a Perrot furnace. This 
mixture was heated in the electric furnace in a carbon cylinder 
closed at one end. The reduction of the yttria by carbon takes 
place at a higher temperature than that of cerium oxide. With 
900 amperes at 50 volts it is necessary to heat five or six minutes. 
During the reduction, metallic vapors are evolved which bum at 
the end of the tube with a white flame tinted purple. Yttrium 
and cerium give metallic vapors under about the same conditions 
as the alkaline earth metals. 

Properties, — Yttrium carbide, YtCg, appears in well-fused, brit- 
tle ingots with a distinct crystalline fracture. Under the micro- 
scope, yellow, transpaient crystals, mixed sometimes with graphite, 
could be readily distinguished. The density of yttrium carbide 
in benzene at 18° is 4.13; Petterson found 4.18. We describe 
some new properties of yttrium carbide. Fluorine attacks it in 
the cold. It bums brightly in chlorine below dull redness. The 
reaction is similar in bromine vapor. Yttrium carbide bums with 
great ease in the vapor of iodine, forming a stable iodide. It 
bums in oxygen, in the vapor of sulphur, and in that of selenium. 

Concentrated acids act only with difficulty. Sulphuric acid in 
the cold gives no evolution of gas, while heated gives sulphurous 
acid. Water decomposes it in the cold, giving a white hydrated 
oxide and a mixture of hydrocarbons of the following compo- 
sition : 



I. 2. 

Acetylene 71.7 71,8 

Methane 19.0 18.8 

Ethylene 4.8 4.45 

Hydrogen 4,5 4.95 

The relative quantities of the different hydrocarbons are some- 
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what similar to those pven by cerium carbide. Acetylene pre- 
dominates and hydrogen is found in small quantities. 

Analysis, — ^The method of analysis used in this work has been 
described previously with cerium carbide. We obtained the fol- 
lowing results : 

Theoretical 
I. 2. for YtCj. 

Yttrium 78.5 78.72 78.76 

Carbon 21.4 21-55 21.23 

K. Thorium Carbide 

Preparation of Thorium Oxide, — ^Thorium oxide is obtained 
from thorite or its richer variety, oranpte. These minerals are 
hydrated silicates of thorium containing iron, lime, the rare 
earths of the cerium group (lanthanum, did)miium) and those of 
the yttrium group (erbium, etc.). 

The pulverized mineral is treated with boiling hydrochloric 
acid. The solution containing the metallic chlorides is precipi- 
tated by oxalic acid ; the thoria and the rare earths come down in 
the acid solution. It is washed to remove the iron, calcium and 
magnesium. The mixture of these oxalates is treated with a satu- 
rated solution of ammonium oxalate, which possesses the property 
of dissolving thorium oxalate without acting on the properly 
called rare earths. The filtered liquid, treated with nitric add, 
separates thorium oxalate. This solution and precipitation is re- 
peated until the earth is entirely pure. 

This thorium oxide in a 20 per cent, solution shows, with the 
spectroscope, no absorption in a length of 20 cm. It is entirely 
white; the atomic weight of the thorium corresponds to 232. 
Finally, if brought on an incandescent wick, it gives only a weak 
light of a lilac color. It is known to-day that this is the most 
sensitive reaction for pure thorium. 

Preparation of the Carbide, — Troost^ obtained in the electric 
furnace a fusion of thorium which had the composition approach- 
ing the formula ThCj. This fusion possessed the property of 
efflorescing in contact to moist air. To obtain crystalline carbide, 
we heated in the electric furnace a mixture of 72 grams of thorium 

1 Troost : "Sur la préparation du zirconium et du thorium," Compi. rettd.^ 116, 122 

(1893). 
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oxide and 6 grams of carbon pressed into small cylinders, such 
as we used for yttria. With a current of 900 amperes at 50 volts 
the reduction is accomplished in four minutes. 

Properties. — Pure thorium carbide, ThCg, appears as a fused, 
homogeneous mass having a crystalline fracture and a good cleav- 
age. Under the microscope it is seen to be formed of small, 
yellow, transparent crystals, mixed with flakes of graphite. The 
density of thorium carbide at 18° is 8.96. The action of the 
halogens on this compound is similar to that which they exert on 
yttrium carbide. Slightly heated thorium carbide bums in oxygen 
with dazzling brightness. Heated in the vapor of sulphur it bums 
brightly, leaving a dark-colored sulphide which is attacked by 
hydrochloric acid, and which distinguishes this compound from 
that described by Chydenius. 

In selenium vapor it burns brightly below redness, forming a 
selenide which is attacked by dilute hydrochloric acid with evolu- 
tion of hydrogen selenide. Hydrochloric acid gas attacks thorium 
carbide at dull redness with evolution of light, forming a diffi- 
cultly volatile chloride. 

With hydrogen sulphide the decomposition is slow and without 
evolution of light. Heated in ammonia gas to 500°, thorium 
carbide evolves hydrogen and the residue, treated with fused pot- 
ash, gives ammoniacal vapors. Thorium nitride is formed. 

Concentrated acids have little action on this compound, while 
dilute acids rapidly attack it. Fused potash, chlorate and nitrate 
of potassium decompose the carbide with evolution of light. 
Thorium carbide introduced into cold water decomposes, giving a 
gaseous mixture which, on analysis, gave the following results :^ 

I. 2. 

Acetylene 47.05 48.44 

Methane 31.06 27.69 

Ethylene 5.88 5.64 

Hydrogen 16.01 18.23 

Moreover, we observed the formation of a small quantity of 
liquid and solid hydrocarbons. 

1 The acetylene was determined with ammoniacal cuprous chloride. The residue 
treated with bromine gave the content of ethylene. Eudiometric combustion of the re- 
maining gas showed it contained a mixture of the hydrocarbons CnHsn -f 2 and hydro- 
gen. In case of hydrogen, the gas was treated with boiling alcohol, the vapors of the al. 
cohol were removed by boiling sulphuric acid, and finally a eudiometric combustion was 
made of the residue which was pure hydrogen. 
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Analysis, — We obtained the following figures : 

Theoretical 
I. 2. for ThCj. 

Thorium 89.70 89.53 90.62 

Carbon 10.30 10.47 9-37 

Yttrium, as shown by Petterson, gives a carbide having the 
formula YtCj. This carbide can be obtained in transparent crys- 
tals, which decompose cold water with the formation of a gaseous 
mixture rich in acetylene, containing methane, ethylene, and a 
small quantity of hydrogen. Thorium similarly gives a transpar- 
ent crystalline carbide having the formula ThCa which in pres- 
ence of water also gives gaseous hydrocarbons containing less 
acetylene and more free hydrogen. 

L. Magnesium Carbide 

By carefully heating powdered magnesium in a current of acety- 
lene gas (reaction shown by Berthelot), an impure magnesium 
carbide is obtained, which is mixed with carbon, but with cold 
water evolves acetylene gas. 

This magnesium carbide was placed in a double crucible of pure 
graphite and heated in ^ carbon tube closed at one end, with a 
current of 600 amperes at 60 volts. Length of heating, six min- 
utes. After cooling, the black substance remaining in the tube 
gave no evolution of gas with water. Magnesium carbide is 
completely decomposed at this high temperature. This explains 
why it is possible to fuse magnesium and bring it into a liquid 
state in a carbon crucible, without reduction of the oxide. At the 
melting-point of magnesia, magnesium carbide cannot exist. 

M. Aluminum Carbide 

Heretofore no combination of carbon and aluminum has been 
known. The solubility of carbon in aluminum has been doubted 
by many investigators.^ We have been able to prepare a crystalline 
aluminum carbide having the formula AI4C3. 

Preparation, — ^To obtain this compound, the electric furnace for 
tubes described in the beginning of this work is used. Sufficiently 
thick carbon boats, filled with aluminum, are placed in the carbon 

1 According to Mallet, aluminum docs not combine with carbon ; on the contrary, 
Pranck, by heating a mixture of lampblack and aluminum, obtained a metal which, with 
hydrochloric acid, gare hydrogen mixed with acetylene. 
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tube through which a current of ^ hydrogen passes. Bach boat 
contains about 15 or 20 grams of aluminum. They are heated 
from five to six minutes with a current of 300 amperes at 65 volts. 
The cooling is completed in a current of hydrogen and the boats 
are found to be filled with a gray-colored metallic mass on the 
surface of which are metallic spheres which form on account of 
the increase of volume at the moment of solidification. When 
the contents of the boat are broken, the aluminum appears to be 
mixed with bright yellow crystals. 

Aluminum having the same appearance is obtained on moder- 
ately heating the metal in a carbon crucible in the electric furnace ; 
only in the latter preparation the yellow crystals of aluminum 
carbide are contaminated with a small quantity of nitride. On 
reducing in the electric furnace a mixture of kaolin and carbon, 
the result is similar. Copious vapors are evolved and there re- 
mains a metallic fusion which has a good crystalline fracture and 
pale yellow color. To separate the carbide from the excess of the 
metal, the fusion is broken into pieces of from i to 2 grams and 
treated in portions of not more than 2 or 3 grams with concen- 
trated hydrochloric acid. This treatment is carried out in a test- 
tube cooled by ice-water. It is important to keep the temperature 
low and to work as rapidly as possible, as even cold water, as we 
shall see later, decomposes aluminum carbide. 

When the action ceases by reason of the formation of aluminum 
chloride, which is only slightly soluble in hydrochloric acid, it is 
washed with ice-water, the liquid decanted and the metal treated 
with a fresh quantity of acid. As soon as no more hydrogen is 
evolved, the residue is rapidly washed with cold water, then with 
absolute alcohol, finally with ether and dried in the air-bath. In 
order to obtain a good preparation, the treatment should be 
completed in thirty minutes. A series of test-tubes are used and 
all are worked together. Less concentrated hydrochloric acid 
gives a less violent action, but takes longer and gives an altered 
product. 

Properties. — ^Aluminum carbide prepared under the conditions 
described appears in beautiful, yellow, transparent crystals, some 
of which attain a diameter of 5 to 6 mm. Some of the crystals 
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have an angular hexagonal fonn and are somewhat thick. Their 
density in benzene is 2.36. They are only decomposed at the 
highest temperature of the electric arc. Chlorine attacks the car- 
bide at low redness with evolution of light. Aluminum chloride 
is formed and flakes of carbon remain which preserve the form 
of the original crystals ; the carbon is amorphous and contains no 
graphite. Bromine is without action on the carbide at the ordi- 
nary temperature, but at about 700° light is evolved; aluminum 
bromide is formed along with a residue of carbon. Iodine appears 
to be without action at bright redness. 

Oxygen, at dull redness, only attacks the carbide on the surface, 
due to the alumina which is formed at the beginning of the reac- 
tion, covering the carbide with a protecting layer. On the con- 
trary, sulphur attacks it at the same temperature with great 
evolution of heat. In a short time aluminum sulphide and a little 
carbon bisulphide are formed. The greater part of the carbon 
remains as black flakes. 

Nitrogen and phosphorus do not decompose aluminum carbide 
at a dull red heat. 

Certain oxidizing agents attack the carbide energetically. Mixed 
with dry potassium permanganate and slightly heated, it takes 
fire, alumina is formed, and carbon dioxide is evolved. Potassium 
bichromate and chromic acid burn it slowly at low redness. Lead 
dioxide and litharge are reduced with evolution of light, while po- 
tassium chlorate and nitrate are without action. A solution of 
alkaline bichromate, to which sulphuric acid has been added, at- 
tacks it slowly in the cold and at the boiling temperature. Fuming 
nitric acid is without action in the cold or warm, but the addition 
of a small quantity of water causes action to be produced in a short 
time. Concentrated hydrochloric acid only attacks the carbide 
very slowly, while the dilute acid dissolves it after some hours. 
Boiling concentrated sulphuric acid is reduced with the formation 
of sulphurous acid ; the dilute acid acts at about 100**. 

Fused potash attacks the carbide very energetically at about 
300° ; on the contrary, the alkaline carbonates, at bright redness 
produce only an incomplete decomposition. The most curious re- 
action of this carbide is the slow decomposition of water produced 



AI.UMINUM CARBIDE 243 

at the ordinary temperature. We have previously shown that 
the crystalline alkaline earth carbides of the formula CaCa are 
decomposed by water, giving pure acetylene gas. Yellow aluminum 
carbide having the formula Al^Cj is decomposed by water, giving 
methane CH^. Crystals of the compound and a small quantity of 
w^ater are best introduced into a tube containing mercury in order 
to observe this decomposition. After twelve hours, 0.145 gram 
of this carbide gave 7.5 cc. of gas and after seventy-two hours 
35.5 cc. To be complete the decomposition requires ten to twelve 
days. Heat accelerates the action, but light appears to be without 
effect. 

This reaction, according to our analyses, is expressed by the 
equation : 

AlA + 12H2O = 3CH, + 2Al,(OH)e ' 

Analysis. — The analysis of aluminum carbide presented numer- 
ous difficulties on account of its ready decomposition by water. 
If the samples obtained are not absolutely pure, they contain 
aluminum hydroxide, which complicates the determination. The 
formula Al^Cg requires Al, 75.4 and C, 24.6. 

Estimation of Aluminum. — We used two methods to determine 
the altmiinum. 

( I ) A known weight of the carbide is left for some hours in 

contact with dilute hydrochloric acid, until complete solution takes 

place. If the substance is absolutely pure, there is no residue; 

otherwise it can be filtered to remove the small quantity of carbon 

and insoluble products. The clear liquid contains aluminum 

chloride; it is slowly evaporated, then carefully ignited. Only 

alumina remains, the weight of which gives the quantity of 

aluminum contained in the compound. We thus found : 

I. 2. 

Aluminum 74.48 75.12 

(2) A definite weight of the aluminum carbide is treated with 
potash in a silver crucible. The residue is taken up in water and 

1 According to this equation o.ioo gram of carbide should give 48.8 cc. of methane. 
The result of two experiments was : 

1. 0.070 gave 31.5 cc.; theoretical. 32.6. 

2. 0.145 gave 69.1 cc; theoretical, 70.90. 

The gas obtained under these conditions is methane, as shown by the following analysis; 
Original volume, 1.6 cc.; oxygen added, 8.5 cc. After explosion, 7.1 cc.; contraction, 3 cc. 
After action of potash, 5.6 cc.; carbon dioxide formed, 1.5 cc. 
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the solution neutralized with hydrochloric acid which is kept in 

slight excess. The liquid is diluted, and the boiling^ solution 

treated with sodium thiosulphate. A precipitate of alumina and 

sulphur is obtained. After filtration, it is ignited and weighed. 

I. 2. 3. 

Aluminum 74.7 74.9 75-7 

Determination of the Carbon. — When aluminum carbide is 
treated with chlorine the metal is completely removed as chloride, 
while carbon remains. It is easy to remove the excess of 
chlorine retained by the carbon, by heating the latter in a current 
of hydrogen. The carbon is then burned in oxygen and the carbon 
dioxide formed is weighed. This method gave us low results. 
This was true with perfectly dry chlorine. It appears that chlo- 
rine can contain a small quantity of oxygen and carbon dioxide 
and form a small quantity of alumina which frequently con- 
taminates the product. This mixture of alumina with carbon is 
attacked by chlorine with formation of carbon monoxide. The 
best figure that we obtained by this method was 23.5, while the 
formula Al^Cg requires 24.6. 

The only method that gave concordant results consisted in the 
decomposition of water, at the ordinary temperature, of a definite 
weight of the carbide and measuring the volume of methane gas 
evolved. From the latter, the weight of the carbon contained in 
the aluminum carbide is readily calculated. We thus found : 

I. 2. 3, 

Carbon 24.2 24.7 24.8 

C0NC1.US10NS. — Carbon can unite with aluminum to form a 
yellow crystalline carbide having the formula Al^Cg. This com- 
pound possesses marked reducing properties; its most curious 
reaction is the slow decomposition of water at the ordinary tem- 
perature with evolution of methane. This is the first example of 
this kind of decomposition. Possibly this carbide takes part in 
geological phenomena which, during centuries, produce methane. 

N. Glucinum Carbide 

Glucinum carbide was obtained by Lebeau^ by heating a mix- 
ture of glucina and carbon. The carbon used was sugar carbon 

1 I^ebeau : C^mpi. rend.^ lai, 496. 
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and the glucina was obtained by the treatment of beryl in the 
electric furnace. 

(i) Treatment of Beryl} — The treatment depends on the 
fact that when beryl is strongly heated in the electric fur- 
nace (950 amperes at 45 volts), it loses silica. By prolonging the 
heating in presence of carbon, it is possible to obtain total reduc- 
tion ; the most of the silica distils and a fused metallic mass re- 
mains which contains a mixture of aluminum and glucinum car- 
bide, and iron and carbon silicides. lliis substance, treated with 
dilute acid, gives a solution which contains the glucina and 
alumina. If hydrofluoric acid is used, the first treatment gives a 
sufficiently pure glucinum solution, aluminum fluoride remaining 
insoluble. By substituting for the carbon, a more powerful re- 
ducing agent, such as calcium carbide, better results are obtained 
from the standpoint of extraction of glucina. 

Fifty kilos of ber>'l and fifty kilos of coarsely powdered cal- 
cium carbide were placed in a calcium carbide furnace and heated 
an hour and a half with a current of 1500 amperes. At the end 
of this time a fused mass of 31.5 kilos was obtained; the rest of 
the substance had not been heated sufficiently high. 

The fused mass was crushed and allowed to remain in moist air, 
when it crumbled. In this alteration product the glucinum and 
aluminum were as hydrated oxides or carbides not yet decomposed, 
and were easily attacked by reagents. It is possible to remove 
considerable glucina by digestion with a saturated ammonium car- 
bonate solution, but this treatment requires prolonged action. The 
use of sulphuric or hydrofluoric acid permits the rapid extraction 
of from 90 to 95 per cent, of the glucina contained in the beryl. 

(2) Preparation of Glucinum Carbide, — An intimate mixture 
of pure glucina is made with half its weight of sugar carbon. This 
mixture is incorporated with a little oil, then pressed into small 
cylinders, and heated to dull redness. These cylinders are heated 
in a furnace for tubes with a current of 950 amperes at 40 volts 
(a weaker current gives a product containing nitrogen). When 
the experiment is successful, the tube is found to contain fused 
masses covered with graphite, having a crystalline fracture, and 
a reddish coloration. This product contains no nitrogen and is a 

1 I^ebeau : Compt. rend.^ ia6, 1202. 
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definite carbide, containing no other impurities than a small quan- 
tity of graphite. The chemical properties of this carbide much 
resemble those of aluminum carbide. One of its most character- 
istic reactions is its decomposition by water at the ordinary tem- 
perature with formation of hydrated glucina and methane gas. 
This reaction is very slow in an acid liquor ; on the contrary, it is 
rapid and complete in a hot, concentrated solution of soda or pot- 
ash. In the latter case, a soluble combination of glucina with the 
.alkali is formed which facilitates the reaction. 

Analysis, — ^The analysis of the glucinum carbide was made by 
treating the substance either with chlorine gas, with fuming nitric 
acid, or with a concentrated solution of soda or potash (whidi per- 
tnits the determination of the methane). The following figures 
were thus obtained : 

I. a. 3. 4. 

Gludnum 59.53 59.17 60.91 59.76 

Carbon 40.47 40.83 39.09 40.24 

Taking 13.8 for the atomic weight of glucinum, the formula GI4C, 
requires : Gl, 60.52 ; C, 39.47. 

0. Iron Carbide 

For a long time the study of iron carbide has attracted the atten- 
tion of chemists. We cite particularly the work of Sir F. Abel, 
Deering, Muller, Osmond and Woerth (1885), Obenolds and 
Read (1894), the work of Mylius, Foerster and Schwenz (1896) 
which is amodel for patientwork and regular experimentation, that 
of Campbell (1896) who more particularly studied the decomposi- 
tion of iron carbide by dilute hydrochloric acid and the production 
of gaseous and liquid hydrocarbons, and the work of Ziiptncr 
(1896) on the saturation of iron with carbon. There are, besides, 
a number of other publications on the same subject. 

In all of these investigations it is seen that melted or annealed 
steel contains a definite carbide corresponding to the formula 
FcaC, which can be readily prepared. 

Blast-Furnace Sows. — In our first experiments we studied 
some sows of the blast-furnace in which diflFerent authors have 
mentioned the formation of definite carbides of iron and attributed 
various formulas to them. ( i ) We first studied a sow from a 
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blast-furnace in Denain presented by Maurice Meteyer, Engineer 
of the Society of Denian and Anzin. This fused, crystalline mass 
was obtained from the bottom of blast-furnace No. 2. One speci- 
men, which was several centimeters across, at first sight appeared 
crystalline, but on closer examination it was observed that the 
dihedral angles showed no regularity. The edge and faces were 
more or less curved. The analysis of a sample gave the following 
results: Iron, 87.99; total carbon (combined carbon and graph- 
ite), 8.75; silicon, 2.17. On repeating the analysis on different 
portions of the same piece, it was seen that the carbon content 
varied considerably. These pseudo-crystals were all formed by 
pressure of the fused mass between the large flakes of graphite ; 
they did not correspond to any definite formula. 

The insoluble residue, after destroying the graphite, did not con- 
tain diamond. 

(2) The second product which was studied was from From- 
holt. It was from the firm of Metz & Co. d'Esch-sur-FAlzette 
(Grand duche 'de Luxembourg), and came from the crucible of 
blast-furnace No. 33. 

Specimen A, — ^This specimen was in compact non-homogeneous 
pieces from a crystalline portion of the product and contained very 
little cast iron. By treatment with hydrochloric acid, the sub- 
stance was completely attacked; a large residue remained which 
was partly transparent and was rich in graphite. It was alter- 
nately treated with hydrofluoric and sulphuric acid and the graph- 
ite destroyed by potassium chlorate and nitric acid. A little resi- 
due remaining after this treatment was fused with potassium bi- 
sulphate, then with potassium acid fluoride and finally treated 
with boiling sulphuric acid. After all of these treatments, nothing 
remained that could be seen with the microscope. The residue 
did not contain the diamond. 

Specimen B. — Specimen of 58 grams of a non-homogeneous 
substance containing purple crystals of titanium nitride, octahedral 
crystals of titanic acid, and other yellow and black crystals in 
fused masses of which little was metallic. The composition of the 
metal corresponded to no definite formula. After the above treat- 
ment we could find nothing remaining, with the microscope. 
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Specimen C, — A piece of 42 grams gave no diamond. The speci- 
mens were particularly interesting, inasmuch as it was in the prod- 
uct from d'Esch-sur-rAlzette that Russel found the transparent 
diamond. Our specimens contained none. 

Iron Carbide, — When Swedish iron or pure iron* is fused in 
presence of sugar carbon in the electric furnace, the fluidity be- 
comes less and less as the temperature raises. At a temperature 
close to the melting-point of titanium, the contents of the carbon 
-crucible become so viscous that it can be inverted without anything 
running out. Later, when the temperature falls, the metal beaxnes 
liquid and flows like water. When the mass cools, a fusion of 
• cast iron is obtained which is covered with graphite and shows all 
the characteristics of gray iron. If the cold metal is studied, es- 
pecially that from the pure iron, it is found to contain only veiy 
little combined carbon — about i per cent. The metallic mass con- 
tains numerous crystals of graphite. 

Nickel, which also dissolves a large quantity of carbon at a high 
temperature, shows the same reaction. The metal cooled slowly 
in the air contains only a little combined carbon.* 

On treating the fusion with dilute acid, a large part of the car- 
Tx)n escaped as hydrocarbon gases, while the rest remained as the 
more or less complex forms which have been poorly studied. 
When we prepared transparent or crystalline diamond by suddenly 
cooling cast iron in water, we observed that in the center of the 
metal radiating masses frequently appeared, which had the a|>- 
pearance of the boride or silicide of iron, compounds whidi are 
perfectly definite and crystalline. We thought that iron carbide 
can possibly exist at a very high temperature and be almost en- 
tirely destroyed by again descending to the melting-point of cast 
iron. Similar examples of decomposition are known in diemistry. 
It was thus that Henri Sainte Claire Deville and Debray showed 
by rapidly cooling the vapor given off by boiling silver in contact 
with the air that the metallic silver collected contains silver oxide. 
Silver oxide is formed at a higher temperature than its decomposi- 
tion point. 

1 This iron was prepared by reduction of the oxide in a current of hydrogen. 
> Two specimens of nickel, on analysis, gave 0.21 and 0.23 per cent, of combined car- 
bon, and the metal remained malleable. 
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Similarly Troost and Hautefeuille showed that ozone, which 
is destroyed by a slight elevation of temperature, can be produced 
between 1300** and 1400**. We consider that the direct prepara- 
tion of iron carbide is another example of this curious phenomena. 
In reality, if we rapidly cool an iron saturated with carbon we 
obtain a metallic fusion rich in iron carbide. Its content of iron 
can be 5.25 per cent. 

Preparation of Iron Carbide, — With the view of obtaining a 
pure carbide, complete saturation of the fusion should be avoided 
and the formation of graphite should be prevented. To this end^ 
500 grams of Swedish iron are heated in the electric furnace in 
a carbon crucible which gives the necessary carbon. The heating^ 
lasts three minutes with a current of 900 amperes at 60 volts. 
While the furnace is in operation, the crucible is grasped with the 
pincers and dipped in a vessel filled with cold water. This is a 
repetition of the experiment which served to produce the diamond,, 
only in this preparation, whether the fusion is well or poorly 
united, or whether pressure exists or not, carbide is always 
formed. 

The fusion which is obtained is very hard and brittle, and fre- 
quently shows a remarkable crystalline appearance. It contains» 
no graphite and 3 to 4 per cent, of combined carbon.* 

To separate the crystals of iron carbide appearing in the metal, 
we used the method of Mylius, Foerster and Schwenz in their 
work on the carbide in steel, modifying it in order to obtain a pure 
product. 

( I ) Two fusions of the cast iron were placed in a crystallizing 
dish containing a 7 per cent, solution of hydrochloric acid and 
connected with the positive poles of two Bunsen cells, each cell to 
one fusion. The two negative poles were connected with a vertical 
carbon plate, placed in the comer of a crystallizing dish. 

At the end of twenty- four hours, the fusions were removed and 
the friable part taken out, and it consisted of a complex mixture 
containing the carbide and amorphous carbon. 

(2) Pieces of the fusion were placed in a narrow glass tube 
in contact with very dilute^ acid for three weeks and out of air 
contact. 

* This fusion gave the following figures : Combined carbon, 3.31, 3.49, 3.68, 3.92. 

' Sulphuric acid, 9.8 per cent.; hydrochloric acid, 7 per cent.; acetic acid, 6 per cent. 
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(3) When only a little carbide is desired at one time, it is possi- 
ble to use stronger acid and work in the warm. Iron is, in general, 
more easily acted on than the carbide; the latter remains a^ a 
residue by careful treatment with mineral or organic acids, iodine 
water, chromic acid, etc. 

Normal nitric acid^ acts on the finely pulverized solution, giv- 
ing the carbide mixed with a small quantity of light carbon. Semi- 
normal nitric acid after several hours gives a nearly pure carbide. 

Purification, — Whatever method is used, the carbide obtained 
is contaminated with a variable quantity of free carbon and liquid 
or solid hydrocarbons which are scarcely soluble in ether. It is 
possible to obtain a pure compound corresponding exactly to the 
formula FcgC by treating the impure carbide with fuming nitric 
acid as free as possible from water. The carbide of iron is not 
attacked in the cold and it is not decomposed by the boiling acid. 
On allowing the carbide to remain for two hours in fuming nitric 
acid at 35°, the free carbon and the hydrocarbons dissolve. The 
mixture is poured into a large excess of water, the latter removed 
by décantation, and the substance washed with alcohol, then with 
ether, and dried in carbon dioxide at 100°, care being taken not 
to remove the carbide from the gas until it is completely cold. The 
purification of the iron carbide can be hastened by the addition of 
a small quantity of potassium chlorate to the nitric acid. A 10 
per cent, aqueous solution of chromic acid can also be substituted. 
In the latter case the solution is boiled until the crystals become 
bright. 

Properties. — The carbide which corresponds to the formula 
FeaC, as we shall see later, has the appearance of the product ob- 
tained from steel, but appears in more voluminous crystals. It 
has a bright white color, and contains broken crystals along with 
some of more regular form. Its density is 7.07 at 16°. It is not 
attacked in the cold by dry oxygen, but moist air containing car- 
bon dioxide decomposes it somewhat rapidly. Heated in oxygen 
it burns more or less rapidly, depending on its state of division. 
In very fine powder it takes fire in air below 150°. It evdves 
light in sulphur vapor at about 500°. It bums brightly in chlorine 
below 100°. It evolves light at about 100° in the vapor of bromine, 

1 The normal nitric acid contains i molecule per liter or 60 grams per liter of solutioo. 
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while the vapor of iodine attacks it only at redness and without 
evolution of light. 

Hydrochloric acid gas attacks it at about 600°, forming ferrous 
chloride and hydrogen, which contains a small quantity of hydro- 
carbons. 

Fuming nitric acid does not attack the carbide in the cold even 
if finely divided, nor even in contact with platinum. But the addi- 
tion of a small quantity of water is sufficient to produce decom- 
position. 

All of the dilute acids more rapidly attack the iron than the car- 
bide. With boiling acids the action rapidly becomes complete. 

Dilute hydrochloric acid, heated in a sealed tube with iron car- 
bide, gives hydrogen and methane: H, 86.33 cm- î CH^, 13.37 ^^' 
Under the same conditions, concentrated acid gave : H, 73.35 cm. ; 
CH4, 26.35 ^^^' Pure water does not act on iron carbide between 
0° and 150° ; the same is true of saturated solutions of sodium 
chloride or magnesium chloride. 

In general, its properties resemble those of the carbide obtained 
from steel. 

Analysis, — Carbide obtained by electrolysis. 

I. 2. 3. Theoretical. 

Iron 93-40 93-22 93.14 93.33 

Carbon 6.47 6.67 6.67 6.66 

Carbide obtained by iodine water. 

I. 3. 

Iron 93.10 93.25 

Carbon 6.66 .... 

Carbide obtained by dilute acids. 

I. 2. 

Iron 93.17 93.46 

Carbon 6.58 6.61 

Conclusions. — When pure iron and sugar carbon are heated to 
the high temperature of the electric furnace, on slowly cooling 
the fusion, only a very small quantity of combined carbon is found 
in the nietal. A gray cast iron is obtained which solidifies at about 
1150°. If the metal at 1300° to 1400° is cooled in an ingot mold 
it contains graphite and a large quantity of combined carbon, or is 
white iron. Finally, if iron saturated with carbon at 3000° is sud- 
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denly cooled in water, a crystallization is produced in the metal, 
and it is possible to separate a pure and definite crystalline iron 
carbide, having the formula FcgC. This carbide is identical with 
that from the steel. 

All these facts can be explained by assuming that iron carbide, 
like ozone and silver oxide, is formed at a. very high tempera- 
ture, then gradually decomposes by lowering the temperature. A 
considerable quantity is found in steel whose fusion-point is high 
and very little is found in gray iron. In all of our experiments 
we have not considered the formation of the carbide in the liquid 
metal. 

P. Manganese Carbide 

In the thermal investigations that Troost and Hautefeuille made 
on the carbides of iron and manganese, these workers mentioned 
manganese carbide, MngC, which is prepared in the wind-furnace 
and which, on slow cooling, gives a cleavable solid.^ 

We obtained the same compound in the electric furnace and 
have studied its decomposition by water. 

Preparation. — To obtain the carbide, a mixture of sugar carbon 
and pure Mn304 are heated in the following proportions : Man- 
ganese oxide, 200 ; sugar carbon, 50. It is well to make the reduc- 
tion in a carbon tube closed at one end on account of the great 
volatility of manganese at the temperature of the electric furnace. 
With a current of 350 amperes at 50 volts, the heating requires 
five minutes ; with 900 amperes at 50 volts, the reduction is almost 
instantaneous. 

Properties. — The carbide, allowed to remain in the air for sev- 
eral days, rapidly crumbles, as Troost and Hautefeuille have shown. 
Its density is 6.89 at 17°. Cold fluorine attacks it with evolution 
of light, giving a violet fluoride which we expect to investigate 
further. Chlorine decomposes it at a lower temperature and as 
soon as glowing commences, it continues to burn throughout the 
mass. Slightly heated, it bums in oxygen as well as ii\ nitrous 
oxide and nitric oxide. Ammonia gas acts on manganese carbide 
at low redness, setting free hydrogen and forming a metallic 
nitride. 

> Troost and Hautefeuille : *'Sur les fontes manganésifères," Cornai, rend.. 80, 909 (1875). 
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Dilute acids readily attack manganese carbide; hydrochloric 
acid in particular gives liquid hydrocarbons, an analogous reac- 
tion to that studied by Cloez with cast iron. 

Hydrochloric acid gas, below redness, gives manganese chloride 
with evolution of hydrogen containing a small quantity of gaseous 
hydrocarbons. 

The action of water on this carbide was of particular interest 
to us. When the carbide is placed on a mercury bath in presence 
of an excess of water, the latter is decomposed with formation of 
a white hydrated oxide and production of a gas which burns with 
a slightly luminous flame. 

The analysis of this gaseous body showed that it contained 
neither acetylene nor ethylene and that it consisted of a mixture 
of methane and hydrogen. By using carbides more or less rich in 
carbon and prepared at more or less elevated temperatures, eudio- 
metric combustion gave the following figures : 

I. 2. 3- 

Methane 51.00 51.32 50.60 

Hydrogen 49.00 48.68 49'4o 

When the carbide contains an excess of metallic manganese the 
latter decomposes water and a larger quantity of hydrogen is ob- 
tained. One such specimen^ gave, in fact, the following figures : 

Methane 43.57 

Hydrogen 56.43 

The carbide, saturated with carbon, always gives about the same 
ratio of methane and hydrogen. Liquid or solid hydrocarbons 
a,re not found in the water which was used for the decomposition. 
On weighing the carbide taken in the experiment, and measur- 
ing the gas evolved, it has been possible to establish the following 
formula for the reaction.^ 

MngC + 6H2O = 3Mn(OH)2 + CH, + H^. 

Analysis. — The estimation of the carbon, taking into account 

1 This manganese carbide was prepared in the wind-furnace. 

* We decomposed by water 0.585 gram manganese carbide containing 2.3 per cent, of 
.-graphite which makes only 0.5726 gram of the carbide MngC. At 761 mm. pressure and a 
temperature of 12° we obtained a gas volume of 136 cc., which contained 51 per cent, 
-methane, or 69.3 cc. reduced to o" and 760 the volume became 66.17 cc- It contained 0.0354 
per cent, of carbon. According to the above formula there should have been obtained 72.4 
•«c. of methane, that is to say, 0.0388 per cent, of carbon, a figure close to that which we 
found. The experiment then verifies our equation. 



254 THE ELECTRIC FURNACE 

the graphite contained in the compound and the estimation of the 
manganese, have given the following figures (Mn =: 55) : 

Theoretical 
I. 2. for MngC. 

Manganese 93.5 93.22 93.23 

Carbon 6.5 6.78 6.77 

Conclusions. — The carbide MngC discovered by Troost and 
Hautefeuille can be formed between 1500° and 3000°. When it 
is pure, it decomposes water at the ordinary temperature, giving a 
mixture of equal parts of methane and hydrogen. This reaction is 
produced according to a very simple equation. 

Q. Uranium Carbide 

Uranium oxide technically prepared contains, as impurities, a 
small quantity of iron and an appreciable quantity of alkali metal. 
In reality it is a variable combination of uranium oxide with soda, 
potash or ammonia. 

The commercial oxide is brought into solution with pure nitric 
acid and the salt obtained is submitted to two successive crystal- 
lization; the crystals are dissolved in ether (method of Péligot),^ 
and the mixture is dissolved on the water-bath after having added 
an additional volume of water. This distillation is eflfected in a 
glass apparatus. Water is added to avoid the violent reaction 
which is produced at the end of the reaction with projection of a 
part of the liquid by reason of the sudden evolution of red vapors. 

The aqueous solution of uranium nitrate is evaporated to dry- 
ness. The residue after ignition is yellow uranium oxide. A sec- 
ond roasting for two hours in the Perrot furnace converts it into 
the green oxide which is used in the preparation of the carbide. 

Preparation. — The green oxide of uranium is mixed with finely 
powdered sugar carbon in the following proportions : 

Grams. 

Uranium oxide 500 

Sugar carbon 60 

The mixture (about 800 grams), placed in a carbon crucible, is 
heated in the electric furnace for eight to ten minutes, with a 
current of 900 amperes at 50 volts. About five minutes after the 
beginning of the experiment, reduction takes place and bright 

> Péligot : *' Recherches sur l'uranium," Ann. chim. phys., 3e sérei. 5, 7 (1843). 
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sparks escape from the furnace. Some minutes later the sparks 
•disappear and there remains in the crucible a liquid carbide of 
i;ranium which is allowed to solicjify and cool in the furnace. 

Properties. — ^This carbide appears in the form of heavy pieces 
with a metallic appearance, and with a crystalline fracture re- 
sembling bismuth in color. It is more or less rich in graphite, 
<x)ming in part from the carbon of the crucible. The pieces ex- 
amined under the microscope are distinctly crystalline, brightly 
reflecting and sometimes show square faces. Its density taken at 
18** in benzene is 11.28. It is not very hard ; it scratches glass and 
quartz, but not corundum ; struck with a hard body, it gives bright 
sparks like metallic uranium. Pulverized in an agate mortar, 
without care, it takes fire and continues to bum. 

Fluorine, in the cold, is without action on it, but slightly heated, 
it bums brightly in the gas. Chlorine attacks it at 350° with evo- 
lution of light, giving volatile uranium chloride. 

Bromine acts at 390°, giving a faint light. Iodine attacks it 
without appearance of light below redness. With the latter ele- 
ment, uranium carbide gives a slightly volatile, coherent mass 
which is soluble in water with a green color. 

Uranium carbide bums brightly in oxygen at 370°, and when 
the reaction begins at one point it proceeds throughout the mass 
without further heating. A large amount of carbon dioxide is 
given off and there remains a violet-black oxide which gives a 
green streak on porcelain. With fused potassium nitrate or chlo- 
rate it takes fire, forming alkaline uranate. 

Uranium carbide burns in sulphur vapor with evolution of light, 
at the temperature of fusion of glass ; uranium sulphide and carbon 
l>isulphide are formed. 

Selenium acts at a lower temperature than sulphur. The light 
is bright, and uranium selenide is formed. 

Nitrogen attacks uranium carbide at 1100°, but the transforma- 
tion into nitride is incomplete. The residue treated with potash 
gives ammonia. At 370° in nitric oxide, uranium carbide takes 
fire and leaves a black residue of complex composition. 

Dilute hydrochloric, sulphuric and nitric acids attack it slowly 
in the cold, giving with the first a green solution and with the last 
a yellow. 
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The concentrated acids, except nitric, act with difficulty in the 
cold. On the contrary, when hot, the deccmiposition is rapid. 

Hydrochloric acid gas acts at 600° with evolution of light. A 
chloride is formed which, with water, gives a brown, unstable 
solution. Hydrogen sulphide, at the same temperature, gives a 
uranium sulphide. 

Ammonia gas at redness gives a nitride; the transformation is 
not complete. 

The most curious reaction presented by this compound is its 
action on water. When pieces of uranium carbide are brought in 
contact with water at the ordinary temperature, it slowly evolves- 
gases, and the action increases if the quantity of water is small or— 
if the temperature is slightly raised. When the reaction takes — 
place in absence of air, there is formed at the same time a green 
hydroxide of uranium. In contact with the air, this oxide takes. — 
on a dark gray color, almost black. The gas evolved by uraniunm 
carbide is not a single hydrocarbon, but a mixture of hydro — 
carbons and hydrogen. Submitted to analysis, it gave the follow — 
ing composition : 

I. 3. 

Acetylene o. 1 7 0.72 

Ethylene 6.77 5. 16 

Methane 78.05 80.60 

Hydrogen 15.01 13.52 

There is thus obtained a complex mixture of hydrocarbon gases, 
and if the carbon thus obtained is summarized from a given weight 
of uranium carbide, it is seen about how much is lost in two series 
of weights of carbon which entered into combination with the^ 
uranium. Since the decomposition was complete we extracted the 
water which had been used in the reaction with pure ether. On 
distilling the ether, we obtained all the lacking carbon as a mix- 
ture of liquid and solid hydrocarbons. 

After evaporation of the ether, the liquid distilled between 70** 
and 200°, and a bituminous residue remained in the flask. The 
distilled liquid was rich in hydrocarbons. We would have pursued 
the work, but it appeared that it contained unsaturated hydro- 
carbons since a solution of silver nitrate in ammoniacal potash 
was readily reduced to silver in the test-tube used in the experi- 
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ment. This reaction cannot be ascribed to an aldehyde since the 
liquid is not colored by fuchsine bisulphite. 

Water vapor at dull redness decomposes this carbide with evolu- 
tion of light, giving a black oxide and evolving carbon dioxide. 

Analysis, Estimation of the Totai. Carbon. — The total car- 
bon was determined either by treatment with chlorine or by direct 
combustion. 

The figures given by the first method are a little high ; the com- 
bustion of the carbon obtained after treatment with chlorine left 
a residue of 2 to 3 per cent. The figures obtained by this proceed- 
ing are the following : 

Carbide A. 1.2. 3, 4. 
Residue after treatment with chlorine 

then ignition in hydrogen .... . 12.062 13.009 11. 781 10.475 

Residue after combustion in oxygen . 2.670 3.036 2.382 1550 

Carbon burned (by difference) 9.392 9-973 9-399 8.925 

On using the second method the carbide burned easily in oxy- 
gen, giving green uranium oxide and carbon dioxide. This pro^ 
ceeding has the advantage of giving, in the same sample, the con- 
tent of uranium and carbon. 

The carbon dioxide, collected in potash and weighed, gave : 

Carbide A. 

/ -^ » 

I. 2. Carbide B. 

Total carbon 8.67 9.02 8.38 

DETERMINATION OF COMBINED CaRBON AND GrAPHITE. — The 

combined carbon was determined by difference, by subtracting the 
weight of the graphite from the total carbon. 

The graphite was analyzed : 

(i) By treating the carbon from the chlorine treatment with 
boiling nitric acid and weighing on a tared filter : 

Carbide C. 
Carbide A. , '■' * 

Graphite 1.3 i.i 1.2 1.08 

(2) The carbide was treated with boiling dilute hydrochloric 
acid and the graphite collected on a tared filter or on glass wool. 
In the latter case, it was burned and weighed as carbon dioxide : 

Carbide A. Carbide B. 

Graphite ( on tared filter) 1.6 

Graphite (by combustion ) i .58 1.6 
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Determination of the Uranium. — ^The method of precipita- 
tion of uranium by ammonia gave too low figures ; the best results 
were obtained by directly burning the carbon in oxygen and weigh- 
ing the residue after ignition in a current of hydrogen. 

Carbide A. 

■ A. 



I. a. Carbide B. Carbide C. 



Uranium 90.3 91. i 91.3 91.13 

Determination of the Nitrogen. — The specimens of carbide, 
prepared in the electric furnace, always contained a small quan- 
tity of nitrogen, easily detected by means of fused potash. This 
nitrogen was determined volumetrically by the method of Dumas. 
Nitrogen 0.4 to 0.2 per cent. 

Calcium. — Some samples, when heated too long, contained o.i 
to 0.2 per cent, of calcium. It is probable that it is this calcium, 
combined with carbon, which gave the evolution of acetylene. 

Deducting the nitrogen and graphite, the following figures are 
obtained as combined carbon and uranium : 

Ai. As. As. Theoretical. 

Combined carbon 7.6 7.5 6.9 6.97 

Uranium 92.4 92.5 93. i 93.02 

. This corresponds to the formula UrgC,, for Ur =: 240 and Ur^C» 

for Ur = 120. 

In another series of experiments made in a carbon tube 

closed at one end and through which a current of hydrogen passed, 

we were able to prepare a pure carbide of uranium free from 

nitrogen, giving, on analysis, the following figures : 

I. 2. 

Combined carbon . . • • 7.20 7.16 

Uranium 92.86 92.79 

Uranium heated in the electric furnace, in presence of an excess 
of carbon, gives a definite crystalline carbide having the formula 

Ur^Cs. 

This compound is decomposed by cold water and gives about a 
third of its carbon as hydrocarbon gases rich in methane. The 
other part of the carbon forms a mixture of liquid and solid hydro- 
carbons and bituminous material. It is probable that this complex 
reaction resembles the phenomenon of polymerization analogous 
to that described by Berthelot in his work on the decomposition of 
hydrocarbons by heat. 
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The presence of hydrogen in the gaseous mixtures, on the 
other hand, can be due to a secondary reaction of uranium hy- 
droxide which can be a powerful reducing agent. Péligot has 
shown that anhydrous uranium protoxide is greedy for oxygen, 
that it is pyrophoric, and that there exists a lower oxide which has 
the property of decomposing water. 

It is seen by these experiments that the reaction of certain car- 
bides on water can be somewhat complex. This decomposition 
appears more remarkable as it gives gaseous, liquid, and solid 
hydrocarbons, the starting-point of organic compounds, by the 
simple action of water at the ordinary temperature on a metallic 
carbide. 



CLASSIFICATION OF THE CARBIDES 
New Theory for the Formation of Petroleum 

I will summarize in these conclusions all of my work on the 
metallic carbides. At the high temperature of the electric furnace, 
some metals, such as gold, bismuth and tin, do not dissolve carbon. 

Fused copper takes up only a very small quantity, but suffi- 
cient to change its properties and modify its malleability. 

Silver, at its boiling temperature, dissolves a small quantity of 
carbon which separates, on cooling, under the form of graphite. 

This fused silver, obtained at a very high temperature, shows a 
very curious property ; it increases in volume on passing from the 
liquid to solid state. This phenomenon is analogous to that known 
in iron. 

Silver and iron contract on passing from the liquid to the solid 
state. On the contrary, carbon containing iron and silver under 
similar circumstances increases in volume. 

Aluminum possesses similar properties. 

The platinum metals at their boiling temperature readily dis- 
solve carbon and separate it as graphite before solidifying. This 
graphite swells with acid. On the contrary, a large numbei of 
metals, at the temperature of the electric furnace, form definite 
crystalline compounds. 

On heating a mixture of lithia or lithium carbonate with carbon 
in the electric furnace, L have been able to obtain lithium carbide 
in transparent crystals, evolving, per kilo, 587 liters of pure 
acetylene gas. 

Similarly, by heating in my electric furnace a mixture of the 
oxide and carbon, I have been the first to obtain, by a general 
method, pure and crystalline carbides of calcium,^ bariimi, and 
strontium in large quantities. All of these carbides are decom- 
posed by cold water with evolution of acetylene. The reaction is 
complete and the gas obtained is absolutely pure. The three 
alkaline earth carbides correspond to the formula RCg and lithium 
carbide to the formula LigCj. 

1 The carbides of calcium and barium had been previously obtained as black, amor 
phous, and very impure powders. 
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The technical preparation of acetylene is based on this r-eaction. 
Another type of carbide crystallizing in transparent hexagonal 
plates, I cm. in diameter, is furnished by aluminum. The metal, 
strongly heated in the electric furnace, in presence of carbon, is 
filled with yellow leaves of carbide, which can be separated by very 
careful treatment with a dilute solution of ice-cold hydrochloric 
acid. 

This metallic carbide is decomposed by water, at the ordinary 
temperature, giving alumina and pure methane gas. It corre- 
sponds to the formula AI4C8. 

Lebeau,^ under similar conditions, obtained glucinum carbide 
which also gives pure methane with cold water. The cerite metals 
give crystalline carbides whose formulas are similar to the car- 
bides of the alkaline earths. 

We studied particularly the decomposition by water of the car- 
bides of cerium, CeCa, lanthanum, LaCg, yttrium, YtCg, and 
thoriiun, ThCa.^ 

All of these bodies decompose water and give gaseous mixtures 
rich in acetylene and containing methane. With thorium carbide, 
the acetylene decreases and the methane increases. 

The first experiments made on iron gave no crystalline com- 
pounds. By slowly cooling cast iron saturated with carbon at 
3500°, the iron gave no definite compound. It is, however, possi- 
ble to attain a crystalline carbide by sudden cooling. According 
to the work of Troost and Hautefeuille, manganese forms a car- 
bide, MngC. This carbide can be prepared in the electric furnace, 
and in contact with cold water, is decomposed, giving a mixture 
of equal volumes of methane and hydrogen. 

Uranium carbide, UrgCg, which I obtained, shows a more com- 
plex reaction. This carbide appears well crystallized, and in thin 
leaves is transparent ; it is decomposed by water, giving a gaseous 
mixture which contains a large quantity of methane, hydrogen 
and ethylene. But the most interesting fact presented by this car- 
bide is that cold water not only evolves hydrocarbon gases, but 
there is also a large amount of liquid and solid hydrocarbons 

* I^ebeau : *• Préparation du carbure de glucinum,'* Compt. rend., lai, 496. 

s Moissan and Étard : "Sur les carbures d'jrttrium et de thorium," Compt. rend., 122, 

73- 
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formed. Two-thirds of the carbon of this ccwnpound appeared in 
this form. 

Cerium and lanthanum carbides, when decomposed by water, 
also gave liquid and solid hydrocarbons, but in smaller quantity. 

These carbides which decompose water at the ordinary tempera- 
ture, with formation of hydrocarbons, constitute the first class of 
the compounds of the metallic carbide family. 

The second class is formed of carbides which do not decompose 
water at the ordinary temperature, such as the carbides of molyb- 
denum, MOjC, of tungsten, W2C, of chromium, Cr^C and CrgCj. 

These compounds are crystalline, opaque and metallic-appear- 
ing. They possess great hardness and melt only at a very high 
temperature. We were able to prepare all of them in the electric 
furnace and have given the detail of the experiments as well as all 
of their analyses in the preceding chapters. 

The metalloids with carbon at the temperature of the electric 
furnace g^ve definite crystalline compounds. We mention, for ex- 
ample, silicon carbide, obtained in the amorphous condition by 
Schutzenberger,^ and later prepared in beautiful crystals by Ache- 
son ; titanium carbide, TiC, whose hardness is so great that it 
scratches soft diamond; zirconium carbide, ZrC,^ and vanadium 
carbide, VC. 

In general, from the investigations made in the electric furnace 
it is seen that the compounds which are formed at a high tempera- 
ture have always a very simple formula and frequently there is 
but one combination. 

The reaction which appears most characteristic in this work is 
the ready formation of hydrocarbon gases, liquids, or solids by 
the action of cold water on some of these metallic carbides. It 
seems possible that these studies may present some interest to 
geologists. The evolution of methane more or less pure which 
takes place in certain regions and which lasts for centuries possibly 
has its origin in the action of water on aluminum carbide. 

A similar reaction would explain the formation of liquid hydro- 
carbons. The theories for the formation of petroleum are as fol- 

» Schutzcnbcrgcr : Compt. rend., 114, 1089. 

> Moissan and I^engfeld : " Sur un nouveau carbure de zirconittm/* Compi. rend., laa, 

651. 
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lows : ( I ) Production by the decomposition of organic animal or 
vegetable matter; (2) formation of petroleum by purely chemical 
reactions, a theory given first by Berthelot,^ and which has been 
made the subject of a paper by Mendeléeflf; (3) production of 
petroleum by volcanic phenomena, a hypothesis given by Hum- 
boldt in 1804. 

From 4 kilograms of uranium carbide, we obtained, in a single 
experiment, more than 100 grams of liquid hydrocarbons. The 
mixture thus obtained was largely formed of ethylene hydrocar- 
bons and a small quantity of acetylene and saturated hydrocarbons. 
These hydrocarbons appear in presence of a large proportion of 
methane and hydrogen at the ordinary temperature and pressure, 
which leads to the thought that if the decomposition takes place at 
a higher temperature, there are only formed saturated hydrocar- 
bons analogous to petroleum. 

Berthelot has shown that the direct addition of hydrogen to an 
unsaturated hydrocarbon can be produced by heat alone. The 
existence of these new metallic carbides, decomposed by water, 
can modify the theoretical ideas which have been heretofore given 
to explain the formation of petroleum. 

It is certain that we must guard against too hasty generaliza- 
tions. 

There are probably petroleums of different origins. At Autun, 
for example, the bituminous schists appear to have been produced 
by the decomposition of organic matter. 

On the contrary, in Limagne the asphalt permeates all the 
fissures of the soft, marshy limestone, which contains very few 
fossils. This asphalt is in direct connection with veins of peperite 
(basaltic tufa) on account of the evident relation with the volcanic 
eruptions of the Limagne. A recent boring in Riom, 1200 meters 
deep, gave several liters of petroleum. The formation of this liquid 
hydrocarbon in this region can be attributed to the action of water 
on metallic carbides. 

We have shown with calcium carbide under what conditions this 
compound can be burned and give carbon dioxide. It is probable 
that in the first geological periods of the earth nearly all of the 

1 Berthelot: "Sur l'origine des carbures et des combustibles minéraux,** /fnn. chtm. 
phys., (4), 9,481(1866). 
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carbon existed as metallic carbides. When water intervened the 
metallic carbides gave hydrocarbons and the latter, by oxidation, 
carbon dioxide. An example of this reaction can be found in the 
neighborhood of Saint-Nectaire. The granites, which form in 
this place the border of a tertiary basin, continually give off large 
quantities of carbon dioxide gas. 

We believe also that certain volcanic phencwnena can be attrib- 
uted to the action of water on the easily decomposable metallic 
carbides. Geologists know that the last manifestation of a volcanic 
center consists of the emanations of various hydrocarbons becom- 
ing asphalt and petroleum and finally, as a complete oxidation 
product, carbon dioxide. 

A movement of the crust produced by the action of water on the 
metallic carbides can produce a violent evolution of gases ; at the 
time the temperature is raised, the phenomenon of polymerization 
of the carbides intervenes to furnish an entire series of complex 
products. 

Hydrocarbons can then be produced at first. The phenomenon 
of oxidation then appears and complicates the reactions. In cer- 
tain places, a volcanic fissure can act as a powerful vent. It is 
known that the nature of the gas collected from fumaroles varies 
if the volcano is submerged in the ocean or surrounded by atmos- 
pheric air. At Santorin, for example, Fouqué collected free hydro- 
gen in the mouths of submarine volcanoes, while only water vapor 
is formed in aerial fissures. 

These carbides exist at high temperatures and probably exist 
in the depths of the earth,^ in which case their deccwnposition 
would explain the formation of solid, liquid and gaseous hydro- 
carbons and possibly the cause of some volcanic eruptions. 

1 The difference between the mean density of the earth and the upper crust indkatet 
the existence of a central mass rich in metal. 



SILICIDES 

The method by which the definite and crystalline metallic car- 
bides can be obtained, can be applied to the preparation of silicides. 
These compounds have been hitherto poorly studied and few were 
known. We give as example the action of silicon on iron, chro- 
mium and silver ; these three metals were particularly chosen after 
some preliminary investigations. 

A. Iron suicide 

Investigations on silicon containing cast irons are numerous, 
but little work exists on crystalline iron silicide. By the action 
of silicon chloride on iron heated to redness, Frémy obtained 
crystals^ of silicide having the formula FeSi. 

Hahn^ has shown the existence of an amorphous silicide, FcgSi, 
which, when treated with hydrochloric acid, gives a crystalline 
residue of FeSi. 

We also call attention to the thermal study of Troost and Haute- 
feuille on silicon containing cast irons.^ 

We have been able to obtain a crystalline iron silicide by direct 
union of iron and silicon, either in a reverberatory furnace heated 
with retort carbon or in the electric furnace. 

Preparation, — (i) A layer of crystalline silicon representing 
about one-tenth the weight of the metal used is placed in a porce- 
lain boat. On this silicon a cylinder of soft iron is laid and placed 
in a porcelain tube through which passes a slow current of pure 
hydrogen. It is heated by retort carbon to a temperature which 
causes the tube to bend, but which is below the fusion-point of 
wrought iron, as shown in a preliminary experiment. 

After the heating, a hard, brittle, silver-white, crystalline iron 
silicide is formed, embedded in an excess of metal. 

In this experiment where two solid elements, silicon and iron, 
are heated to about 1200°, and below their melting-point, a fused 
metallic ingot is formed. It appears that the vapor-tension of 

1 Bncycloi)édie chimique, Frémy, article on iron. 

* Hahn : " Chemical Investifi^ation of the Products of the Solutions of Cast Iron in the 
Acids," Ann. Chem. Pharm., 124, 57. 

« Troost and Hautefeuille : " Étude calorimétrique des siliciures de fer et de manga- 
nèse," Compt. Tfnd., 81, 261. 
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solid silicon permits this non-metal to unite with iron and give a 
silicide more fusible than the metal. We have already observed 
similar phenomena with boron, and think that the same explana- 
tion can be given for the penetration of carbon into iron at 1200° ; 
silicon, boron and carbon have a vapor-tension which, though 
slight, allows the formation of solid or liquid compounds with 
iron, below its melting-point. 

(2) Four hundred grams of wrought iron with 40 grams of 
crystalline silicon are placed in a crucible^ in the electric furnace. 

It is heated four minutes with a current of 900 amperes at 50 
volts. The experiments should be performed quickly to avoid the 
formation of carbon silicide. If the proportion of silicon is in- 
creased the fusion obtained becomes difficult to attack by the acids 
and it is nearly impossible to separate the silicide formed. 

(3) It is possible to heat a mixture of iron oxide and crystal- 
line silicon in the electric furnace, when easily volatile silica and 
a fusion of iron silicide containing an excess of metal is obtained. 

In an experiment made at the temperature of a good forge, we 
heated cylinders of wrought iron in crystals of silicon. Always 
under these conditions each crystal of silicon was coated with a 
thin layer of nitride and oxide, which retarded complete fusion 
and the union of the non-metal into a fused mass. After the ex- 
periment, the iron cylinders, taken from the mass, preserved their 
form, and were not fused in any portion. They were transformed 
into silicide to the center of the cylinder and it was possible to 
separate as silica the 2 per cent, of silicon contained. This is 
another example of the vapor-tension of silicon and silica below 
its fusion-point. The metallic fusions prepared by any of these 
methods are treated with nitric acid diluted with four times its 
volume of water. The attack, very energetic at the beginning, 
subsides as the metal disappears. After décantation and washing, 
there remains a crystalline silicide of the formula FegSi. 

Physical Properties. — Iron silicide appears in small, bright, pris- 
matic crystals having a metallic appearance; its density is 7 at 
22° ; its melting-point is below that of iron and above that of cast 
iron. It acts on the magnetic needle. 

1 The carbon of the crucible does not take part in this reaction, since we have shown 
that in a fused cast iron, silicon can easily displace carbon. 
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Chemical Properties, — Hydrofluoric acid in aqueous solution 
attacks iron silicide, and the action is very energetic. This result 
does not accord with the work of Hahn, who mentions the ex- 
istence of an iron silicide not attacked by hydrofluoric acid. When 
the silicide is reduced to a fine powder, hydrochloric acid slowly 
attacks it. Nitric acid is without sensible action on it, but aqua 
regia destroys it with formation of silica. 

The gaseous halogens attack iron silicide at a temperature from 
dull to bright redness. 

Fused potassium nitrate and chlorate are without action. The 
fused alkaline carbonates attack it slowly, while a mixture of 
nitrate and carbonate readily decompose it. 

Analyses. — Iron silicide was heated with a mixture of alkaline 
nitrate and carbonate; the iron was weighed as sesquioxide and 
the silicon as silica. We obtained the following figures : . 

I. 2. 3. 4. Theoretical. 

Iron 79.20 81.10 82.12 81.43 80.00 

Silicon ... 20.95 19.04 18.02 18.59 20.00 

Since our first work, Lebeau^ has obtained an iron silicide of 
the formula FeSi by taking advantage of the property which this 
body possesses of dissolving in fused copper silicide, and crystal- 
lizing on cooling. 

A mixture of 400 grams of copper silicide and 40 grams of pure 
iron filings is placed in a carbon crucible and heated in the electric 
furnace with a current of 950 amperes at 45 volts. A homogeneous 
fusion is obtained, which is crystalline and has a white metallic 
fracture like copper silicide. The product treated with dilute 
nitric acid, then washed with soda to remove the silica formed, 
leaves bright crystals which have a metallic appearance. This is 
iron silicide, FeSi, obtained by Frémy and Hahn. 

Lebeau showed that this method can be applied to the prepara- 
tion of other silicides as those of cobalt, nickel and chromium. 

B. Chromium Silicide 

(i) When fused chromium containing 2 per cent, of carbon 
(a metal more infusible than iron) is introduced into a boat lined 

' "Sur un nouveau procédé de préparation du siliciure de fer SiFe." Compt. rend., laS 
933. 
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with silicon and heated to 1200° in hydrogen, it is possible to ob- 
tain a fusion of chromium silicide. 

Silicon, here also, on account of its vapor-tension in the solid 
state, passes into the chromium, causing fusion. 

To succeed with this experiment, it is necessary to carefully 
• construct the reverberatory furnace and increase the draught by a 
pipe 10 or 12 meters long. In some of the experiments, the porce- 
lain tube is flattened and the two sides become fused together. 

(2) Carbon, free from chromium, is heated with 15 per cent, of 
its weight of silicon in a carbon crucible. Using a current of 900 
amperes at 50 volts, the heat should last nine minutes. 

A fused mass with a metallic fracture is obtained, which con- 
tains the silicide embedded in an excess of metal. 

(3) A mixture of 60 parts silica, 200 parts of chromium ses- 
quioxide and 70 parts of sugar carbon was heated for ten minutes 
in the electric furnace with a current of 950 amperes at 70 volts. 
A well-fused mass which was brittle and distinctly crystalline was 
obtained. Some géodes found in the interior of the metal were 
covered with needles of chromium silicide. 

The coarsely powdered metallic fusions were treated with cold 
concentrated hydrofluoric acid in the cold. After a few moments 
the action is energetic, but can be moderated by adding a little 
water to avoid the elevation of temperature which would cause the 
silicide to be attacked. It is washed with water and again treated 
with concentrated hydrofluoric acid in the cold until the action 
ceases. The silicide, CrgSi, is finally obtained in small prisms 
either single or united. This silicide is often contaminated with a 
small quantity of crystalline carbon silicide which we have not 
been able to separate and make a complete analysis. 

The chemical properties resemble those of iron silicide. It acts 
like it with the acids. Chlorine attacks it at redness with evolu- 
tion of light. Gaseous hydrochloric acid, about 700° transforms 
it into silicon chloride and chromium chloride. Fused potassium 
nitrate gives a chromate and silicate, while fused potash attacks 
it slowly. Chromium silicide scratches quartz and corundum with 
great ease. Most of the silicides possess a much greater hardness 
than the corresponding silicides. Among these compounds harder 
bodies than carbon silicide are found. 
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a mixture of silicon and pure copper in the electric furnace. By 
volatilizing the excess of copper by heat, a fusion remains which, 
when slowly cooled, contains géodes of crystals which have the 
formula CugSi. 

Properties — Copper silicide, CugSi, is a very hard and brittle 
substance with a steel-gray color and a density of 6.9. It dissolves 
large quantities of silicon which it deposits in leaves. Oxygen 
acts on it at a red heat , but it alters in the cold in moist air. The 
halogens attack it readily as do the halc^en acid gases. The 
fused alkaline carbonates attack it completely if it is finely pow- 
dered. These reactions have been used in its analysis. 

ACTION OF SILICON ON SILVER 

When a mixture of crystalline silicon and pure silver is heated 
in the electric furnace, if the temperature is very high, a metallic 
fusion is obtained which is covered with beautiful crystals. At 
first sight they could be taken for silver silicide, but, on dissolving 
the silver in nitric acid, a residue of transparent, yellow, hex- 
agonal crystals is obtained, the analysis of which shows they are 
formed of carbon silicide. 

When the temperature of the electric furnace is lower, the sili- 
con separates from the silver before solidification ; it partly sepa- 
rate;s into crystals, which are transparent under the microscope, 
and similar to those described by Vigouroux.^ 

The silver which surrounds these crystals, on analysis, shows 
no trace of silicon. The same experiment was made in a rever- 
beratory furnace, but the silver retained no silicon. This was also 
true in the experiments which were made in the forge or in the 
Pérrot furnace, in which the silicon produced by the method of 
Deville (action of sodium on fluosilicate) came in contact with 
melted silver. In these experiments liquid silver dissolved the 
silicon, but separated it in the crystalline state at the moment of 
solidification. This phenomenon is similar to the action of phos- 
phorus on silver. This metal dissolves considerable phosphorus 
above 1000° and at the exact point when it passes from the solid 
to the liquid state, the vapor of the phosphorus is given oflF, as is 
the case with oxygen.^ 

1 vigoureux : ** Sur la reduction de la silice par aluminium," Compt. rend., lao, 1161. 

2 Hautefeuille and Pêrrey : ** Sur le rochage de l'or et de l'argent dans la vapeur de 
phosphore," Compt. rend., 98, 1378. 
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of alkaline nitrate and carbonate easily attacks it. These reactions 
can be used for the analysis. 

D. suicides of Nickel and Cobalt 

These silicides have been obtained by Vigouroux^ by heating 
10 parts by weight of silicon with 90 parts of metal, in a carbon 
crucible in the electric furnace. Combination first takes place, 
then the excess of metal distils and the purer silicide remains. 
The fusion obtained is gray-white, very hard and brittle. It is 
treated with nitric acid to remove the excess of metal, when a 
silicide remains which corresponds to the formula NigSi or CogSi. 

Properties, — The silicides of nickel and cobalt are crystalline 
bodies of a steel-gray color. They fuse more easily than silicon 
or the metal and stand very high temperatures without decom- 
posing. They burn in fluorine and chlorine with evolution of light. 
Bromine and iodine act with more difficulty. Dry hydrochloric 
acid gas slowly attacks them at redness. The action is similar with 
dry hydrobromic and hydriodic acid gases. Hydrofluoric acid 
attacks them readily while the other acids act very slowly. 

Analysis, — The finely powdered silicide is treated with aqua 
regia, evaporated to dryness, and taken up in hydrochloric acid 
when the metal goes into solution. 



1. 


3. 


Theoretical 
for NijSi. 


Silicide of nickel-! __._ '\^ 

(Ni 81.66 


19.25 
81.00 


19.28 
80.72 


I. 


2. 


Theoretical 
for CosSi. 


Silicide of cobalt-! ^0 

(Co 80. 70 


19.12 
80.28 


19.25 
80.75 



£. Copper Silicide 

Berzelius^ knew that copper, when strongly heated in the blow- 
pipe with silicon and treated with acid, left a skeleton of silica. 
Deville and Caron^ mention alloys containing these two elements 
which they called "aciers de cuivre" whose silicon content was as 
high as 12 per cent. 

Vigouroux* has been able to obtain a series of alloys by heating 

* Vijçouroux : '• Sur les sîliciures de nickel et de cobalt," Compt. rend., lai, 686. 

* Berzelius : Ann. chim.phys. (2), p. 27 (1824). 

« Sainte Claire-Deville and Caron : Compt. rend., 45, 1863. 

* Vigoureux : Compt. rend., laa, 318. 



ACTION OF 'SIUCON ON SILVER 27I 

a mixture of silicon and pure copper in the electric furnace. By 
volatilizing the excess of copper by heat, a fusion remains which, 
when slowly cooled, contains géodes of crystals which have the 
formula CugSi. 

Properties — Copper silicide, CugSi, is a very hard and brittle 
substance with a steel-gray color and a density of 6.9. It dissolves 
large quantities of silicon which it deposits in leaves. Oxygen 
acts on it at a red heat , but it alters in the cold in moist air. The 
halogens attack it readily as do the halogen acid gases. The 
fused alkaline carbonates attack it completely if it is finely pow- 
dered. These reactions have been used in its analysis. 

ACTION OF SIUCON ON SILVER 

When a mixture of crystalline silicon and pure silver is heated 
in the electric furnace, if the temperature is very high, a metallic 
fusion is obtained which is covered with beautiful crystals. At 
first sight they could be taken for silver silicide, but, on dissolving 
the silver in nitric acid, a residue of transparent, yellow, hex- 
agonal crystals is obtained, the analysis of which shows they are 
formed of carbon silicide. 

When the temperature of the electric furnace is lower, the sili- 
con separates from the silver before solidification ; it partly sepa- 
rate,s into crystals, which are transparent under the microscope, 
and similar to those described by Vigouroux.^ 

The silver which surrounds these crystals, on analysis, shows 
no trace of silicon. The same experiment was made in a rever- 
beratory furnace, but the silver retained no silicon. This was also 
true in the experiments which were made in the forge or in the 
Perrot furnace, in which the silicon produced by the method of 
Deville (action of sodium on fluosilicate) came in contact with 
melted silver. In these experiments liquid silver dissolved the 
silicon, but separated it in the crystalline state at the moment of 
solidification. This phenomenon is similar to the action of phos- 
phorus on silver. This metal dissolves considerable phosphorus 
above 1000° and at the exact point when it passes from the solid 
to the liquid state, the vapor of the phosphorus is given oflF, as is 
the case with oxygen.^ 

1 Vigouroux : *' Sur la reduction de la silice par aluminium," Compt. rend., lao, 1161. 

2 Hautefeuille and Perrey : ** Bur le rochage de Tor et de l'argent dans la vapeur de 
phosphore," Compt. rend., 98, 1378. 
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Conclusions. — The action of silicon on the metals can g^ive 
three different results : 

(i) Solid silicon, due to its vapor-tension, can unite with a 
solid metal and give by an action similar to cementation, a true 
silicide, whose melting-point is less than that of the metal. 

(2) Liquid silicon can unite with the fused metals in the electric 
furnace. 

(3) Silicon is dissolved in fluid metals, not forming a com- 
bination with them or a very unstable one, and separating as 
crystalline silicon at the moment of solidification. 

Vigouroux in a study on amorphous silicon and its compounds 
has pursued the study of the preparation of silicides in the electric 
furnace. He obtained crystalline silicides of nickel, cobalt, man- 
ganese, copper and platinum. 

F. Platinum Silicide 

Boussingault^ and Winckle* obtained alloys of platinum con- 
taining varying quantities of silicon. By heating the metal and 
silicon in the furnace for tubes, Vigouroux* obtained a white, 
very hard and very brittle alloy which had a density of 13.8 and 
corresponding to the formula PtgSi. 

The analysis was made by treating with aqua regia and evapo- 
rating to dryness to render the silica insoluble. The following 
figures were obtained : 

Theoretical 
I. 2. . for PtfSi. 

Silica 6.92 6.95 6.68 

Platinum 93-o8 93.40 93-32 

6. Carbon Silicide^ 

Amorphous carbon silicide, SiC, was discovered by Schutzen- 
berger.*^ Acheson has obtained crystalline carbon silicide colored 
blue by iron by heating a mixture of silica, coke, alumina and 
sodium chloride in the electric furnace. He began the technical 
preparation of this compound on account of its great hardness and 
named it carborundum. 

1 Boussingrault : Ann. chim. phys.y ae série, i6, and 5* série, 8, 1821 and 1876. 

« Winckle, Pelouzè, and Prèmy : Traité de chimie. Vol. Ill, p. 1267. 

« vigouroux : Compt. rend., 123, 115. 

* H. Moissan : Compi. rend., 117, 425» September 25, 1893. 

ft Schutzenberger : Compt. rend., 114, 1089 (1892). 
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In the studies which I made on the crystallization of carbon, I 
found in ingots of silicon, fused in the wind-furnace in a layer of 
carbon, small crystals of carbon silicide, but I did not publish 
anything at this time on the subject so the discovery of crystalline 
carbon silicide belongs to Acheson. The study of the action of 
the electric arc on silicon led to the preparation of the crystalline 
silicide by four different methods. 

( I ) Direct Combination of Silicon with Carbon, — By attempt- 
ing to dissolve carbon in silicon kept in a fused condition in a 
wind-furnace, we obtained this compound as beautiful crystals 
several millimeters long ; these crystals were got out by dissolving 
the fusion of silicon in a boiling mixture of concentrated nitric 
acid and hydrofluoric acid. This first preparation^ showed that 
carbon silicide is readily formed by means of a solvent, at a 
temperature between 1200° and 1400°. 

(2) Preparation in the Electric Furnace, — The same compound 
is prepared more simply by heating, in the electric furnace, a 
mixture of silicon and carbon, in the proportions of 12 parts of 
carbon and 28 of silicon. Under these conditions there is ob- 
tained a mass of crystals which are purified very easily by first 
introducing into a boiling mixture of hydrofluoric and concen- 
trated nitric acids, then by treatment with the oxidizing mixture 
of Berthelot — nitric acid and potassium chlorate. The crystals 
are frequently colored yellow, but can be obtained completely 
transparent, while again they sometimes show a sapphire-blue 
color. The transparent crystals are made by working rapidly in a 
closed carbon crucible and using silicon as free as possible from 
iron. 

Crystallization in Fused Iron. — Iron silicide is heated in the 
electric furnace in presence of an excess of silicon. The resulting 
fusion is treated with aqua regia to remove the iron. The crystal- 
line residue is kept several hours in a mixture of concentrated 
nitric acid and hydrofluoric acid and, finally, treated eight or ten 
times with an oxidizing mixture of potassium chlorate and nitric 
acid. 

A metallic fusion containing crystals of carbon silicide is pre- 
pared in a similar manner by heating a mixture of iron, silicon. 
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and carbon in the electric furnace, or simpler, a mixture of iron, 
silica and carbon. 

(3) Reduction of Silica by Carbon. — It is possible to obtain 
the same compound by reducing silica with carbon in a crucible in 
the electric furnace. The crystals of carbon silicide, thus pre- 
pared, are less colored than those obtained by solution in iron, 
when pure silica and iron are used. 

(4) Action of the Vapor of Carbon on the Vapor of Silicon.— 
A more original proceeding for the preparation of carbon silicide 
consists in making the vapor of carbon act on the vapor of silicon. 
The experiment was made in a small carbon crucible of elongated 
shape containing fused silicon. The bottom of the crucible is 
heated to the highest temperature of the electric furnace. After 
the experiment, slightly colored, very hard and brittle crystals in 
prismatic needles of carbon silicide are found. 

Properties. — Crystalline carbon silicide is a body which is 
formed at a high temperature. It is very stable and resists the 
most energetic agents. Schutzenberger has shown this property 
for the amorphous silicide. 

Carbon silicide, free from iron, is colorless; the well-formed 
crystals sometimes show regular hexagons (Fig. 42). 








Fig. 42. Silicide of carbon magnified lo diameters. 

Some show, rarely, however, triangular impressions and parallel 
striations; at first sight, to the trained eye, it is impossible to 
mistake them for the diamond. Moreover, these cr>'stals act 
strongly on polarized light and show strong colors. Their density 
is 3.2 ; they possess great hardness, easily scratching chrome steel 
and the ruby. It is only necessary to rub, with a hard wood point, 
some powder of crystalline carbon silicide on a polished surface 
of a ruby to obtain a very deep scratch. 

Heated in oxygen at 1000°, it is unchanged. It can be ignited 
in air with a Schloesing blowpipe without showing a trace of 
combustion. Sulphur vapor does not attack it at looo*'. In a 
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current of chlorine at 600° for an hour and a half, it is attacked 
only on the surface.^ The action becomes complete at 1200°. 
Fused potassium nitrate and chlorate are without action. The 
same is true with boiling sulphuric and hydrofluoric acid. The 
mixture of concentrated nitric acid and hydrofluoric acid, which 
readily dissolves silicon, is without action on carbon silicide. Lead 
chromate attacks the compound, but in order to bum it completely 
in a glass tube, it must be treated a number of times. 

Fused caustic potash decomposes the silicide; it first causes a 
cleavage, and finally dissolves it after heating an hour to dull red- 
ness with formation of potassium carbonate and silicate. This 
latter reaction permits the estimation of the silica, while the carbon 
can be weighed as carbon dioxide, by combustion with lead chro- 
mate. 

Analysis, — The determination of carbon was made on o.ioo 
gram to 0.200 gram which was heated in a platinum boat with 
lead chromate to a temperature a little above 1000°. The experi- 
ment was carried out in a tube of Berlin porcelain through which 
a current of oxygen passed. 

The silicon weighed as silica was obtained by treating 0.200 
gram of silicide with a mixture of fused potassium nitrate and 
carbonate; the residue was taken up with hydrochloric acid, then 
evaporated to dryness. The analysis was then made as usual in 
the determination of silica in a silicate. We obtained the follow- 
ing figures : 

I. 2. Theoretical. 

Silicon 69.70 69.85 70.00 

Carbon 30.00 29.80 30.00 

These analyses show that the crystals of carbon silicide pre- 
pared by the different methods described, always correspond to 
the formula SiC. At the temperature of the electric arc there is 
only one combination of silicon and carbon, the simplest consisting 
of I molecule of each element. This silicide, whose stability is 
great, can serve as a type of the new compounds prepared by 
means of the electric furnace. 

1 0.283 gram lost only 0.012 gram. 



BORIDES 

Like silicon and carbon, boron can give a series of compounds 
equally definite and crystalline. The study of these new series en- 
riches chemistry with very stable bodies, certain of which will 
likely have technical applications. Moreover, they give useful 
indications for the establishment of valence and classifications of 
the elements. 

A. Borides of the Alkaline Earths^ 

Preparation of Calcium Boride, — We heated in the electric fur- 
nace, in a tube closed at one end, an intimate mixture of lo grams 
of pure boron and 50 grams of quicklime. The experiment lasted 
seven minutes with a current of 900 amperes at 45 volts. On 
cooling, there remained in the tube a fused mass which was brittle, 
somewhat hard and with no crystalline appearance. This sub- 
stance was slowly attaked by water and almost completely soluble 
in hydrochloric acid, leaving a slight residue. The latter, exam- 
ined under the microscope, showed graphite, rectangular and cubic 
crystals, yellow crystals in thin leaves, and very small dark- 
colored ones. The crystalline portion, which was not attacked 
by hydrochloric acid, was rapidly destroyed by nitric acid 
and contained only calcium and boron. 

The yield was very small so we modified the reaction. A mix — 
ture of 10 grams calcium carbide and i gram pure boron was. 
heated in the electric furnace. The boron did not appear to dis- 
place the carbon of the calcium carbide; there was formed, how- 
ever, a small quantity of calcium boride, but the formation ap- 
peared to be due more to dissociation than to the direct action of 
boron on the carbide. This was also the case in the action of sugar 
carbon on calcium borate or in the action of calcium carbide on 
the borate of the same metal, at the temperature of the electric 
furnace. To increase the yield, it was necessary to produce the 
boron in the mixture and this was done in the following manner: 

A mixture was made of 1000 grams pure, dry calcium borate, 
630 grams of pure aluminum shavings and 200 grams finely pul- 
verized sugar carbon. These substances were carefully dried and 

1 This work was done with Williams. 



BORIDES OF the: AI^KAUNE EARTHS 277 

the calcium borate was intimately mixed with the carbon, and the 
aluminum added. This mixture was heated for seven minutes 
in a carbon crucible ir the electric furnace, with a current of 900 
amperes at 45 volts. The quantity of aluminum was made suffi- 
cient to completely reduce the calcium borate. The carbon was 
added to prevent the formation of alumina, which is difficult to 
separate from the calcium boride. A part of the aluminum ap- 
pears after the experiment as carbide which is readily decom- 
posed by water and dilute hydrochloric acid. 

The length and regularity of the heating are of great impor- 
tance as to yield of calcium boride. The fusions, which were ob- 
tained on cooling the mass, were homogeneous and showed a 
crystalline metallic fracture. They were broken into pieces and 
treated with dilute hydrochloric acid until action ceased. During 
this operation, a large quantity of gas was evolved which had a 
very disagreeable odor and which contained hydrc^en, acetylene, 
methane and hydrogen boride. The residue was treated with boil- 
ing concentrated hydrochloric acid and washed with wafer. The 
substance which remained after these treatments consisted largely 
of crystals of calcium boride and a small quantity of organic 
matter which was lighter than that given by the action of hydro- 
chloric acid on the original fusion. 

On account of its lightness, it was possible to remove this or- 
ganic matter by washing with water. The residue was then 
washed with ether and with toluene. These liquids took on a deep 
coloration and removed a fresh quantity of organic matter which 
it was possible to collect by evaporating the solvent. A brown, 
resinous substance was obtained which could be readily nitrated 
with fuming nitric acid, giving a yellow-colored body which was 
soluble in ether. After repeated washing with toluene and ether, 
the calcium boride was treated with cold hydrofluoric acid, 
washed with cold water and after drying extracted with ether 
until the latter no longer showed a coloration. The crystalline 
powder obtained was washed again with water, then with alcohol 
and finally dried in vacuo. 

The crystalline powder was not absolutely pure; it still con- 
tained a small quantity of graphite and a little carbon boride. 
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Physical Properties. — Calcium boride appears as a bright, black, 
crystalline powder. Examined under the microscope it shows 
small, rectangular or cubic crystals, which in thin section are trans- 
parent and of a yellowish color. The compound easily scratches 
quartz and is hard enough to scratch the ruby. Its density at 15** 
is 2.33. Heated in the electric furnace, it fuses to a homogeneous 
mass which has a crystalline cleavage. 

Chemical Properties, — Calcium boride, heated to redness in a 
current of dry hydrogen, is not altered. Fluorine attacks the com- 
pound in the cold with evolution of light. Chlorine attacks it 
at redness, evolving a large amount of heat and forming calcium 
x:hloride and boron chloride. At the same temperature, bromine 
^nd chlorine attack it, but more slowly. Heated in the air, it does 
not burn at bright redness. Sulphur vapor scarcely reacts at the 
same temperature. 

Calcium boride is not decomposed at 1000° in a current of 
nitrogen. The boride is without action on water at the ordinary 
temperature. It is thus different from calcium carbide. It is 
without action on water even when heated to 250° under pressure. 
When heated above this temperature in a current of water vapor, 
the action is very slow. The layer of lime and boric acid which 
is formed prevents the decomposition from becoming rapid. At 
the temperature of the softening of glass, hydrogen is slowly 
evolved, and in order to obtain a greater quantity of gas, it is 
necessary to heat it to 1000°. 

We have previously stated that calcium boride can be fused in 
the electric furnace, and would add that the fused mass is attacked 
by water with the evolution of hydrogen, but without formation 
of acetylene. This seems to indicate the presence of another 
boride of calcium which contains less boron and is decomposed 
l)y water. The halogen acid gases slowly attack calcium boride at 
dull redness. At the temperature of the softening of glass, am- 
monia gas is without action. Solutions of the halogen acids do 
not decompose calcium boride. Dilute sulphuric acid is without 
action, while concentrated gives sulphuric acid. Nitric acid, either 
-dilute or concentrated, energetically attacks calcium boride. 

Oxidizing agents, such as lead oxide or potassium nitrate, attack 



STRONTIUM BORIUK 2/9 

it with violence at a red heat. Bromine water or a mixture of 
potassium chlorate and hydrochloric acid slowly dissolves it. On 
the contrary, fused potassium carbonate, bisulphate, and hydrate 
act energetically at redness. 

Analysis, — Calcium boride was treated with nitric acid in an 
apparatus used for the estimation of boron. 

The analysis was made by the Gooch^ method. After driving 
over the boric acid with methyl alcohol, the calcium was deter- 
mined in the residue by precipitating as oxalate and weighing as 
oxide. To determine the small quantity of carbon which the com- 
pound contained as impurity, the substance was treated with pure 
chlorine, the residue washed to remove the calcium chloride, 
thrown on an asbestos filter, then burned in oxygen and the carbon 
dioxide collected in weighed potash tubes. The residue, insoluble 
in nitric acid, was washed, dried at iio° and weighed. It was 
composed of small crystals of carbon boride, CBg, which were not 
soluble. We obtained the following figures : 

I. 2. 

Calcium 36.22 36.03 

Boron 57.43 57.30 

Carbon 2.66 2.82 

Insoluble T.21 1.02 

By referring the figures of carbon and boron to lOO per cent. 
38.66 and 38.61 per cent, calcium, and 61.33 and 61.39 per cent, 
boron are obtained, differing but slightly from 37.86 per cent, 
calcium and 62.14 per cent, boron, calculated from CaB^. 

B. Strontium Boride 

Strontium boride was prepared in a similar manner to calcium 
boride, using a mixture of strontium borate, aluminum and carbon. 
This compound can be obtained very pure on account of its high 
density. By means of bromoform, most of the impurities which 
accompany strontium boride can be removed. 

Physical Properties. — Strontium boride appears as a black pow- 
der consisting of small crystals. When examined under the mi- 
croscope, the crystals are transparent if sufficiently thin and have 
a red-brown color. The crystals were larger than those of calcium 

1 Gooch : " Estimation of Boric Acid," Am. J. Set'., 9, 23. 
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boride; they also readily scratch quartz. Their density at 15** is 
328. 

Chemical Properties. — The chemical properties of this com- 
pound are similar to those of calcium carbide, only it does not take 
fire in fluorine in the cold, but must be slightly heated to bring 
about this action. 

Analysis, — The method of analysis was the same as for cal- 
•cium boride. We obtained the following figures : 

I. 2. 

Strontium 56.33 56.56 

Boron 43.38 43.00 

Carbon 0.67 0.63 

Insoluble trace trace 

The formula SrB^ requires : Sr, 57.10; B, 42.90. 

C. Barium Boride 

The method previously described can be used to prepare the 
corresponding barium compound. It is prepared more easily than 
the other two. The yields are greater and the purification was 
easier on account of its high density. 

Properties. — Barium boride has the same appearance as the 
other two alkaline earth borides ; the crystals, although small, are 
very regular. Its density at 15° is 4.36, and its chemical proper- 
ties are similar to those of calcium and strontium borides. Its 
hardness is also great, it scratches quartz and ruby, but not the 
diamond. 

Analysis: 

Theoretical 
I. 2. for BaBe. 

Barium 67.20 67.09 67.57 

Boron 32.25 32.28 32.43 

Carbon 0.29 0.31 

Insoluble trace trace • • • • 

D. Iron Boride 

We studied the preparation of iron boride which can serve as 
a type for the preparation of a number of metallic borides. This 
preparation also shows the action of boron on the carbides of iron 
and has enabled^ us with Charpy to study the action of boron on 
steel. 

1 Moissan and G. Charpy : " Sur les aciers au bore," Compt. rend., lao, 130. 
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Preparation of Iron Boride, — This compound can be obtained : 
( I ) By the action of boron chloride on reduced iron ; (2) by direct 
action of boron on iron. 

( I ) Action of Boron Chloride on Reduced Iron. — Pure reduced, 
iron was placed in a porcelain tube through which a slow current 
of boron chloride passed.' The apparatus was heated to dull red- 
ness ; volatile chloride of iron was immediately formed, and in the 
tube there remained an amorphous boride of iron which had a gray 
color. 

(2) Action of Boron on Iron. — This experiment can be made 
in a furnace with a tube, heated by a good coke fire. A porcelain 
boat is lined with the necessary quantity of boron for combination 
and in it is placed Swedish or reduced iron. A very slow current 
of hydrogen is passed through the apparatus, and the tube is heated 
between 1100° and 1200°. On allowing it to cool in hydrogen, 
a metallic fusion is obtained which, when the content of boron 
is about 9 per cent., shows a good crystalline texture and breaks 
easily along well-determined planes of cleavage. Long needles 
traverse the mass and frequently show iridescent colors. 

When a cylinder of soft iron is brought on to pure amorphous 
boron, under the conditions mentioned, the boron produces a 
phenomenon of cementation, below the melting-point of iron which 
should not be reached. This fused boride, which contains 8 to 9 
per cent, of boron, melts a little below that of ordinary cast iron. 
With the electric pyrometer of Le Chatelier we found its melting- 
point to be about 1050°. 

If the content of boron reaches 15 per cent, the fusion becomes 
much more difficult, the mass shows a conchoidal fracture and the 
crystallization is confused. In a good coke fire or in a furnace 
heated with retort carbon, a mixture containing 29 per cent, of 
boron can be fused only with difficulty; it is better to use the 
electric furnace. 

A fused boride can also be obtained in the electric furnace by 
heating, in a carbon crucible lined with boron, pieces of good 
wrought iron. The reaction can then be made with larger masses 
and with a current of 300 amperes at 65 volts the heating should 
not last more than five or six minutes. If the temperature is too 
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high, the carbon of the crucible enters into the reaction, and the 
fused boride contains a variable quantity of crystalline carbon 
boride. 

The metallic fusions prepared either in the furnace with a 
tube or in the electric furnace were broken and treated with hy- 
drochloric acid diluted with two or three times its volume of 
water. The excess of iron dissolves and there remained a crystal- 
line substance which was washed with water, then with alcohd 
and ether, to avoid the action of carbon dioxide and moisture in 
drying. The crystals, obtained under these conditions, have a 
constant composition. They are iron boride having the formula 
FeB. 

Properties. — Iron boride appears in bright crystals, of yellow- 
gray color, several millimeters long. Its density is 7.15 at 18**. 
The crystals do not alter in air or in dry oxygen. In moist air 
they soon become covered with a yellow layer.^ 

Heated in a current of chlorine to redness, it is attacked with 
evolution of light ; the chlorine unites with the boron and the iron. 
Bromine attacks the compound with greater ease and appears to 
form a double bromide of boron and iron. Iodine is without action 
at 1100°. The same is true for hydriodic acid. 

Iron boride, heated in oxygen, burns brightly and when the 
combustion commences at a point, it proceeds through the whole 
mass without the application of further heat. In all of these 
experiments the amorphous boride of iron is more easily attacked 
than the crystalline boride. Since this action of oxygen is in- 
creased when the powdered boride is in contact with moisture 
and carbon dioxide, it is to the existence of this iron boride thai 
the phenomenon of evolution of light which is sometimes produced 
in the drying of impure boron, prepared by the action of sodium 
on boric acid, can be attributed. The amorphous boride is attacked 
by sulphur at a temperature a little above its melting-point. The 
crystalline boride is attacked with evolution of light, but at a 
higher temperature. 

1 On working over mercury, in presence of a small quantity of water and a measured 
quantity of air, a notable diminution of the oxygen was observed after foTty-«ight hours 
and each particle of boride was observed to be covered with a gelatinous layer having the 
appearance of rust. 
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Phosphorus at redness gives a mixture of iron phosphide and 
boron phosphide. Potasium chlorate at its melting-point does 
not attack iron boride, but when the temperature is increased, 
action commences and continues with evolution of light. The 
same is true with potassium nitrate. The fused alkaline car- 
bonates rapidly destroy iron boride and the action is complete in 
a short time. 

Fused potash attacks iron boride energetically, but without 
evolution of light. Concentrated or diluted sulphuric acid is 
without action in the cold. The concentrated acid at its boiling 
temperature decomposes iron boride with formation of sulphurous 
acid and anhydrous iron sulphate. Concentrated hydrochloric 
acid attacks this compound slowly in the cold while the dilute 
acid is without action and permits, as we have shown, the separa- 
tion of it from the excess of metal. Aqueous hydrofluoric acid, 
either cold or hot, only slowly attacks this compound. 

The real solvent for iron boride is nitric acid and, of course, 
aqua regia. Very dilute nitric acid dissolves it only when heated 
while fuming or concentrated acid attacks it violently. 

Analysis. — The iron was always determined as oxide, titration 
with permanganate cannot be used with this compound. The de- 
termination of the boron was made as calcium borate, by the 
method of Gooch, separating the boric acid by means of methyl 
alcohol. In this analysis iron boride was treated with nitric acid 
in a special apparatus which we used for the determination, an 
apparatus which we have previously described.^ After all evolu- 
tion of gases had ceased, the boric acid was driven out with methyl 
alcohol and the liquid digested with quicklime. From the in- 
crease of weight of the lime the content of boron was obtained 
(see p. 290). We obtain the following figures: 

Theoretical 
I. 2. 3. for FeB. 

Iron 84.15 84.48 83.86 83.58 

Boron 15.18 14.94 16.19 16.42 

The slight excess of iron, shown in the analyses, can be ex- 
plained by the fact that the crystals of iron boride always retain a 
little enclosed metal. The amorphous boride obtained by the 

1 Compt.rend.y 116, 1087. 
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action of boron chloride on reduced iron gives more exact figures 
(analysis No. 3). 

These analyses lead, for the crystalline compound which we 
have described, to the formula FeB. By raising the temperature 
of the electric furnace at the time when the boride is formed, we 
were unable to obtain other combinations. At the high tempera- 
tures, chemistry seems to be simpler and a single combination, 
having always a very simple formula, is obtained. 

£• Nickel and Cobalt Borldes 

The borides of nickel, NiB, and cobalt, CoB, can be obtained 
pure and crystalline by the method used to prepare iron boride; 
the reaction takes place by direct action of boron on the metal. 
They can be prepared either in the electric furnace or in an ordi- 
nary reverberatory furnace heated with retort carbon. 

Preparation in the Electric Furnace, — The metal is introduced 
into a carbon crucible lined with powdered boron, and heated five 
minutes with a current of 300 amperes at 50 volts. 

Preparation in the Reverberatory Furnace. — A porcelain boat 
is lined with 10 to 12 grams of powdered boron. One hundred 
grams of metal are placed on the boron and heated in a porce- 
lain tube through which passes a very slow current of pure, dry 
hydrogen. Whatever mode of heating is employed, a brittle, 
metallic fusion of crystalline boride with excess of metal is ob- 
tained. When the electric furnace is used, the crystallization is 
less perfect. 

The metallic fusions are broken and treated with nitric acid 
diluted with an equal volume of water. With cobalt, commercial 
concentrated acid can be used. When the action is complete, a 
crystalline boride frequently remains in fusions which have the 
same appearance as the corresponding iron compound. The boride 
is washed with distilled water, then with alcohol and ether, and 
finally dried rapidly in the oven, since these compounds are very 
readily acted on by moist air. 

Physical Properties. — Nickel and cobalt borides appear in bright 
prisms several millimeters long. The density of cobalt boride 
at 18° is 7.24, while that of nickel boride is 7.39. These two 
compounds scratch glass with difficulty ; they are magnetic. 
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Chemical Properties, — Chlorine attacks the two bondes below 
dull redness with evolution of light, giving boron chloride and 
following the precautions already given. The nickel and cobalt, 
With bromine, the action takes place at redness, but is not ener- 
getic. Boron bromide distils and a green residue remains in case 
of cobalt and yellow with nickel. Ihe borides of nickel and 
cobalt, prepared in the electric furnace, are scarcely attacked by 
iodine at the point of softening of glass. On the contrary, the 
same compounds, prepared in the reverberatory furnace, are at- 
tacked under similar conditions. 

At the ordinary temperature, these borides are not decom- 
posed by oxygen or dry air, but rapidly alter in contact with moist 
air and particularly in presence of carbon dioxide. Below dull 
redness these borides burn brightly in pure oxygen. They are 
attacked by the vapor of sulphur about 700° with evolution of 
light. At its melting-point, potassium chlorate is without action, 
but if the temperature is raised, it attacks these borides with 
great evolution of heat. Fused potassium nitrate acts in a similar 
manner, but with less violence and without evolution of light. A 
mixture of sodium nitrate and carbonate gives complete trans- 
formation into black oxide and alkaline borate. The fused alka- 
line carbonates and the alkalies dissolve these borides without 
evolution of light. Under the action of water vapor at dull redness, 
the nickel and cobalt borides are decomposed, giving oxide and 
boric acid which pass off in the excess of the water vapor. 

Hydrochloric acid, especially dilute, has little action on these 
borides. On the contrary, nitric acid acts energetically and the 
action of a mixture of hydrochloric and nitric acids is very violent. 
Dilute sulphuric acid is without action, while hot concentrated 
acid evolves sulphurous acid. 

Analysis, — (i) The boride was treated with dilute nitric acid 
in an apparatus for the determination of boron. The boric acid 
volatilized with methyl alcohol was weighed as calcium borate, 
following the precautions already given. The nickel and cobalt, 
dissolved in nitric acid, were . precipitated as oxide, washed by 
décantation with boiling water and subsequently weighed in the 
metallic state after reduction by hydrogen. 
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(2) The boride was attacked by a mixture of potassium nitrate 
and carbonate. It was taken up in water; the cobalt or nickel 
remained insoluble as oxide and was weighed as metal. The 
potassium borate was introduced into the apparatus for the deter- 
mination of boron, nitric acid added, and the analysis made as we 
have shown. 

We obtained the following figures, using 58.6 for the atomic 
weight of Ni and 58.7 for Co: 



Nickel 
Boron . 



Cobalt .... 
Boron .... 



I. 
83.68 

15.89 



85-45 
14.51 

2. 
84.06 
16.04 



2. 
8s. 1 1 
14.88 

3. 
83.85 



3. 
84.12 

14.43 

4. 
85.37 



Theoretical 
for NiB. 

84.19 

15.81 

Theoretical 
for CoB. 

84.22 
15.78 



Conclusions. — The borides of nickel, NiB, and cobalt, CoB^ 
are readily obtained crystalline at 1200**. These compounds have 
properties similar to those of iron boride, previously described. 
These borides enable boron to be introduced into such a metal as 
iron, since as we have shown^ boron and silicon, at a high tem- 
perature, can displace carbon in a fused cast iron. 

F. Carbon Boride 

In the action of the electric arc^ on boron, silicon, and carbon,, 
we called attention to the existence of new crystalline compounds 
produced at a very high temperature, possessing such stability 
that they are not attacked by most of our reagents, and having a 
great hardness, sometimes as great or greater than that of the 
diamond. We have given a number of methods for the prepara- 
tion of carbon silicide,^ and will now describe a new similar com- 
pound, carbon boride. 

Wohler and Deville* in 1857 showed the existence of a variety 
of boron to which was given the name adamantine. Hampe,*^ re- 

1 H. Moissan : " Déplacement du carbone par le bore et le silicium dans la fonte en 
fusion," Compt. rend., U9t 1172. 

* H. Moissan : " Action de l'arc électrique sur le diamant, le bore amorphe et le sili- 
cium cristallisé," Compt. rend., 117, 423. 

' H. Moissan : "Préparation et propriétés du silidure de carbone cristallisé," Compt, 
rend., 117, 425. 

* Wôhlerand Sainte-Claire-Deville : "Annales de chimie et de physique," 3c série,. 

5». 63 (1858). 

6 Hampe : Ann. Chem. (Liebig). 183, 75 (1876). 
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peating the work, has shown that it is obtained in presence of a 
mixture of different compounds containing particularly an alumi- 
num boride and an aluminum borocarbide in pure and crystalline 
condition. 

In the more recent work on the same line Joly^ isolated in this 
mixture a carbon boride in which the content of carbon) after 
treatment with chlorine, led to the formula BgC. 

When boron acts on carbon at the temperature of the electric 
furnace two carbides are formed, the one stable, the other attacked 
by a mixture of potassium chlorate and nitric acid. The first 
corresponds to the formula BgC ; it is this compound that we will 
describe. 

Formation, — This carbon boride can be produced : 

(i) When the electric arc is made to play between carbons 

bound together with a mixture of boric acid and aluminum silicate. 

Under these conditions it is always contaminated with carbon 

silicide. 

(2) When a small quantity of boron is placed in an electric arc 
playing between two carbon electrodes. 

(3) By heating in the electric furnace to about 3000° pure 
boron in a small, covered carbon crucible. 

(4) This boride is also formed in fused metals. It is formed 
by heating, in a carbon crucible in the electric furnace, an iron 
boride rich in boron ; the fusion is treated with hydrochloric acid, 
then with aqua regia, and a black residue of graphite and carbon 
lx>ride separates. 

If a silicious cast iron is used in this experiment, the residue 
obtained after treatment with the acids, consists of a mixture of 
carbon boride and carbon silicide. 

(5) By submitting to the solvent action of silver and copper 
in the electric furnace, a mixture of sugar carbon and pure boron, 
good crystals of carbon boride are obtained. 

( I ) Preparation by Direct Union of Boron and Carbon. — A mix- 
ture of 66 parts of amorphous boron and 12 parts of sugar carbon 
are heated in a carbon crucible in the electric furnace, with a 
<:urrent of 250 to ^od amperes at 70 volts. The reaction is finished 

1 Joly : '* Sur le Bore," Compt. rend., 97, 456. 
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in six or seven minutes. After c(X>ling the crucible, a black mass 
is obtained, having the appearance of graphite, having a metallic 
fracture, and looking as though it had begun to fuse. After 
prolonged treatment with fuming nitric acid the substance is dis- 
integrated and a crystalline powder remains which is treated six 
times with potassium chlorate and concentrated nitric acid. It is 
washed with water and dried. 

(2) Preparation by Solution in Iron Boride. — Iron combines 
easily with boron and forms a definite boride which we have de- 
scribed. When an excess of boron and carbon are added to iron, 
and the whole heated in the electric furnace under the preceding 
conditions, a fusion is formed having a bright fracture. After 
treatment with aqua regia, the metal leaves a residue almost en- 
tirely formed of carbon boride. In this case, the crystals are 
poorly formed ; after six treatments with potassium chlorate, they 
do not contain graphite, and their analysis leads to the formula 
BeC. 

(3) Preparation by Solution in Copper and Silver. — Iron dis- 
solving with ease a great excess of boron, we sought to use ia 
this preparation metals which at the moment of cooling do not 
form definite combinations with this non-metal. Silver and par- 
ticularly copper gave the best results. 

Carbon boride, obtained in silver, after treating the metal with 
nitric acid, is of great purity, but its crystallization is poor. From 
copper, bright, well-formed crystals are obtained. 

An intimate mixture of boron and sugar carbon is prepared 
(boron 66, carbon 12), and 15 grams of this mixture are placed 
in a carbon crucible with 150 grams of coarse copper filings which 
are quite pure.^ 

The heating lasts for six or seven minutes with a current of 
350 amperes at 70 volts. A little later, a malleable fusion is found 
in the furnace, which has the appearance of metallic copper slightly 
blackened on the surface. The fusion takes place very rapidly, 
and the quantity of copper fusions necessary to give 200 grams of 
carbon boride can be obtained in three hours. 

A simple treatment with ordinary nitric acid gives the well- 

1 Care should be taken to avoid the presence of sand in these copper filings, as it gives- 
crystalline carbon silicide. 
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crystallized boride, which contains only a small quantity of graph- 
ite. To separate the latter, it is treated six or eight times with 
a mixture of dry potassium chlorate and concentrated nitric acid, 
then with boiling sulphuric acid for several hours. It is finally 
digested again with the mixture of chlorate and nitric acid, washed 
with water and dried. 

Properties, — This carbon boride belongs to the same class of 
compounds as carbon silicide. It possesses, like it, gjeat stability 
and gjeat hardness; the carbon boride appears in bright, black 
crystals having a density of 2.51 Chlorine attacks it below 1000** 
without evolution of light as shown by Joly. Boron chloride is 
formed, and a residue of very bright, porous carbon remains. 
Bromine and iodine are without action. 

Heated to 500** in oxygen, no carbon dioxide is given off, but 
at 1000** it bums slowly with more difficulty than the diamond, 
giving carbon dioxide and a black residue covered with fused 
boric acid. 

Sulphur does not act on carbon boride at the temperature of 
the softening of glass ; the same is true with phosphorus and nitro- 
gen at 1300°. The compound is not attacked by any of the acids, 
concentrated hydrofluoric acid, concentrated nitric acid or a mix- 
ture of both are without action at boiling. Heated in a sealed 
tube to 150** with fuming nitric acid, it loses nothing. Concen- 
trated solutions of iodic and chromic acid are without action either 
boiling or in sealed tubes heated to 150**. At dull redness it is 
attacked by fused potash and by a mixture of the fused carbonates 
of sodium and potassium. The most curious property of this 
compound is its great hardness; while carbon silicide polishes 
the diamond only with difficulty without being able to scratch it, 
it has been possible for us to cut faces on a diamond with powdered 
carbon boride. 

This compound is very friable; it can be obtained in a very 
fine powder in a new steel mortar and, mixed with oil, can be used 
instead of diamond dust on the steel wheel to cut the diamond. 
The hardness of this boride appears to be less than that of the 
diamond since the wear is slower, but the faces are cut clearly. 
It, with titanium carbide, is the first example of a definite com- 
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pound to act on the diamond. The hardness of this body is then 
much greater than that of carbon silicide. 

Analysis. Determination of Carbon.- — We determined the 
carbon by two different methods : 

(i) By treating the substance with chlorine, then heating the 
boat in a current of hydrogen, and finally burning the carbon 'in 
a current of oxygen, the weight of the carbon dioxide gave the 
content of carbon. 

(2) A definite weight of carbon boride was mixed with lead 
chromate in large excess and heated to a high temperature in a 
porcelain tube. The carbon dioxide was collected and weighed, 
and gave the quantity of carbon. 

Estimation of Boron. — Carbon boride was fused with a mix- 
ture of sodium and potassium carbonate in platinum crucibles, 
the fusion was taken up in water, nitric acid added, and the boron 
determined by methyl alcohol and lime, according to the method 
of Gooch,^ using the apparatus which we have described.* 

We obtained the following figures : 

I. 2. 3. Theoretical. 

Boron 84.57 84. 19 84.52 84.62 

Carbon 15.60 14.91 15.55 15.38 

6. Glucinum Borocarblde 

The existence of this compound prepared by Lebeau' is very 
interesting, inasmuch as it is an example of one of the double 
carbides which can probably be obtained in the electric furnace. 

An intimate mixture of 75 parts pure glucina is made with 45 
parts of boron and heated in a carbon boat in a furnace for tubes 
for seven to eight minutes with a current of 45 amperes at 950 
volts. A very hard crystalline metallic mass is obtained. The 
halogens attack it in the cold as do the halogen acid gases. Oxy- 
gen only acts on it imperfectly as the boric acid formed impedes 
the reaction. 

Analysis gave the following results : 

Theoretical 
I. 2. for GUBfCi. 

Carbon 27.99 3^-34 28.49 

Boron 39.18 39.12 39.17 

Glucinum 32.83 32.54 32.33 

1 Gooch: '*Bstimation of Boric Acid," Am. J. Sei.^ 9» 23 (1887). 
*H. Moissan: Compt. rend.^ 116, 1087. 
>Lebeau: Compt. rend., ia6, 1147. 
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Heretofore the definite combinations with phosphorus and the 
metals have been little known and poorly determined. The high 
temperature of the electric furnace has enabled us to obtain a 
number of these compounds which have definite formulas. 

Phosphides of the Alkaline Earths 

By causing the vapor of phosphorus to act on lime heated to 
redness, Paul Thénard obtained an amorphous product, cinnabar- 
red in color, whose composition corresponded to the formula 
CaPjO.^ 

This body, which he called calcium phosphide, was decomposed 
by water, and this reaction established the existence and proper- 
ties of the different phosphorus hydrides. Dulong has given a 
general method for the preparation of the phosphides, by the 
action of the vapor of phosphorus on the metal. These experi- 
ments were repeated by Virgier. The latter proceeding was not 
applicable in the preparation of calcium phosphide as the pure 
metal had not been known until our work. 

Preparation of Crystalline Calcium Phosphide in the Electric 
Furnace, — Calcium phosphide can be obtained in the electric fur- 
nace by the reduction of tricalcium phosphate with carbon. The 
preparation requires some precautions on account of the relatively 
easy decomposition of calcium phosphide at the high temperature 
of the electric furnace. We first prepared pure tricalcium phos- 
phate by precipitation. The compound, after drying, was heated 
in the Perrot furnace, then reduced to a fine powder and mixed 
with carbon in the following proportions : 

Tricalcium phosphate 310 

Lampblack 96 

A small quantity of spirits of turpentine was added to the powder 
to form a paste and it was pressed into small cylinders. These 
were heated in a Perrot furnace in a lining of lampblack. 

The intimate mixture of calcium phosphate and carbon was 
finally placed in the crucible of an electric furnace and submitted 

1 p. Théuard: "Sur les combinaisons du phosphore avec l'hydrogène," Ann. Chem. 
Pharm.^ »4, 12 (1845). 
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for four minutes to the action of a current of 950 amperes at 45 
volts. 

On cooling, a fused mass was taken from the crucible; it 
should not adhere to the sides and it should not be heated too 
long. If it is heated too long the calcium phosphide will be con- 
taminated on the outside with a small quantity of calcium carbide. 
On the contrary, if the heating is insufficient, the phosphide will 
be found to be mixed with fused phosphate which is not reduced 
and in which red crystals of the phosphide can be distinguished. 

During this preparation in the electric furnace, only a small 
quantity of phosphorus vapors are evolved, but if the heating 
is continued, when reduction is complete, the calcium phosphide 
is decomposed, and phosphorus distils and bums in the vapors 
issuing from the furnace. The calcium finally unites with the 
carbon, and only calcium carbide remains containing a very small 
quantity of phosphide. Hence, when pure calcium phosphide is 
desired by this proceeding, it is important not to heat too long. 

It is also possible to obtain fused calcium phosphide by heating 
in a carbon crucible in the electric furnace, the calcium phosphate 
of P. Thénard, prepared by the action of a large excess of phos- 
phorus vapor or lime heated to redness. With an arc of 800 am- 
peres at 50 volts, the fusion is made in seven or eight minutes. 
A dark red mass remains, which is contaminated with calcium 
carbide. 

Properties, — Calcium phosphide prepared in the electric fur- 
nace appears in fragments having a red-brown color, similar to 
that of calcium nitride. It has a crv^stalline fracture and, when 
the reduction has not been complete, appears in good crystals of 
a red-brown color in the fused phosphate. Calcium phosphide 
is difficultly fusible ; we have not been able to fuse it in the electric 
furnace. At the point where Bohemian glass softens, calcium 
phosphide is slowly dissociated into its elements in vacuo. The 
evolution of a small quantity of phosphorus vapor is quite distinct. 
The tension of dissociation reaches a few millimeters only. Its 
density at 15° is 2.51. 

At 900° calcium phosphide is not perceptibly altered in an 
atmosphere of hydrogen. Chlorine does not act in the cold on 
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calcium phosphide, but when heated to about 100° the reaction 
commences and continues with evolution of a bright light. Cal- 
cium chloride is formed along with the vapors of jrfiosphorus 
chloride. The action of bromine is in all points similar to that of 
chlorine, while the vapor of iodine attacks the phosphide about 
dull redness. 

The combustion of calcium ^osphide in oxygen takes place 
at about 300° with evolution of bright light. Lime is formed along 
with phosphoric anhydride. Sulphur attacks it at alDOUt 300°, 
decomposing it with great evolution of heat, producing a yellow 
sublimate and forming calcium sulphide. The action of nitrogen 
on calcium phosphide is particularly interesting. Nitrogen can 
drive out the phosphorus from this combination and form calcium 
nitride. It is known that calcium nitride is readily decomposed 
by water giving ammonia, a reaction which can be used in in- 
dustry ; but the heat of formation of calcium phosphide seems to 
be greater than that of the nitride, as all of our experiments below 
900° were fruitless. 

At 1200°, nitrogen acts partially on the phosphide, eliminating 
a small quantity of the phosphorus, but the reaction is far from 
being complete, and the residue when treated with water gives 
a mixture of ammonia and hydrogen phosphide, the latter being in 
great excess. A dissociation of calcium phosphide appears here. 

Heated in the vapor of arsenic to the fusion of glass, calcium 
phosphide is not attacked. 

Boron and carbon are without action at 700°. In the electric 
furnace, the phosphorus is entirely displaced. 

The gaseous halogen acids energetically attack it. Hydro- 
chloric acid reacts with evolution of light at redness. 

At about 700° hydrogen sulphide has no apparent action; the 
same is true of ammonia gas. 

The action of water on this body is characteristic. In contact 
with cold water, calcium phosphide is decomposed with formation 
of calcium hydroxide and hydrogen phosphide. 

If the substance is in crystalline fragments the lime formed 
retards the reaction. On the contrary, if it is powdered, the re- 
action is violent. 
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When the i^osphide has been sufficiently heated in the electric 
furtiace, the hydrogen phosf^ide, which is formed in this decom- 
position by water, is not spontaneously inflammable in contact 
with air. This compound is then different from that prepared 
by P. Thénard. The decomposition is, however, somewhat com- 
plex, and all of the gas obtained is not PHg. Some specimens 
that were less heated, gave with water hydrogen phosphide con- 
taining free hydrogen. On the contrary, if the phosphide has been 
heated to a high temperature, hydrogen is not given off, but a 
little acetylene is obtained. 

The acids attack only the phosphide on account of the water 
they contain. Concentrated nitric acid scarcely attacks it in the 
cold and when heated the action is very slow. With ordinary 
nitric acid, it is rapidly oxidized in the cold ; nitrous vapors are 
evcdved along with a gas which inflames spontaneously. 

Similarly fuming sulphuric acid does not attack the phosphide 
in the cold, while the decomposition is violent with dilute sulphuric 
acid. 

Absolute alcohol, ether, benzene, and spirits of turpentine do 
not act at the ordinary temperature. 

Oxidizing agents act violently, fused potassitim chlorate and 
bichromate attack it with evolution of light. If a mixture of 
potassium permanganate and powdered calcium phosphide is 
gently heated, explosion takes place and light is evolved. 

Nitrous and nitric oxide oxidize it in the cold with evolution 
of light. Lime is formed and a small quantity of nitride. 

Analysis. — Calcium phosphide was decomposed by direct oxi- 
dation with fuming nitric acid. The calcium was precipitated as 
sulphate in presence of alcohol, and the phosphoric acid deter- 
mined as magnesium ammonium phosphate. 

We obtained the following results : 

I. 

Ca 65.82 

P 

Barium and Strontium Phosphides 

Jaboirs,^ by applying the above method, obtained barium and 

1 Jaboirs: Compt. rtnd.^ lap, 762. 



2. 


3. 


4- 


Theoretical 
for CasPs. 


65.71 


65.38 


65.40 


65.93 


33.79 


33.92 


33.85 


34.06 
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Strontium phosphides, by reducing the corresponding phosphates 
with carbon in the electric furnace. Barium and strontium phos- 
phides have respectively the densities 3.18 and 2.68 and present 
all of the properties of calcium phosphide. Their analysis corre- 
sponds to the formulas BajPg and Sr^Pg. 

Iron, Nickel, Cobalt and Chromium Phosphides 

When an attempt is made to reduce, in the electric furnace, the 
phosphates of these metals, only phosphides of variable composi- 
tion appear. Maronneau^ has been able to obtain definite prod- 
ucts by the action of copper phosphide on these elements. 

Iron phosphide, FcgP, appears in bright needles, which have 
a g^ay-white color and are not attacked by any of the acids except 
a mixture of nitric and hydrofluoric. The fused alkaline car- 
bonates act completely when the phosphide is finely powdered and 
permit an analysis to be made. 

Nickel phosphide, NigP, and cobalt phosphide, CojP, show 
about the same properties. 

Chromium phosphide, CrP, prepared by fusing a mixture of 
chromium and copper phosphide in the electric furnace and treat- 
ing with nitric acid, has a dull gray color, a graphitic appearance 
and, like the preceding, is not attacked by the acids and is com- 
pletely destroyed by fusion with a mixture of nitrate and car- 
bonate. 

Copper Phosphide 

By the direct action of phosphorus on copper a number of 
definite phosphides have been obtained. Maronneau,^ by reducing 
copper phosphate with carbon, has obtained the body CujP. A 
mixture of 400 grams of copper phosphate and 100 grams of 
petroleum coke are heated in the electric furnace with a current of 
900 amperes at 45 volts. The fusion obtained is made the negative 
electrode in a cold saturated solution of copper sulphate. At the 
end of several days, a black, crystalline powder is obtained which, 
when washed with water, alcohol, ether, and dried, corresponds 
to the formula CujP. 

1 Maronneau: Compt. rend., 130, 656. 
3 Maronneau: /bid., laS, 936. 
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Like the phosphides, the arsenides prepared by direct union or 
by reducing the arsenates have been poorly defined compounds. 
By reducing the arsenates with carbon in the electric furnace, 
Lebeau^ has obtained well-crystallized arsenides of the alkaline 
earths corresponding to the series of phosphides. 

Preparation of Calcium Arsenide 

An intimate mixture of loo parts of calcium arsenate and 30 
parts of carbon is prepared, and sufficient spirits of turpentine are 
added to make a paste of the proper consistency. The mixture 
is then heated to drive off the volatile products, after which it 
is heated two or three minutes by a current of 950 amperes at 50 
volts. A fused mass is obtained which contains calcium arsenide 
nearly always mixed with a little calcium carbide and graphite. 
This substance can then be prepared as readily as calcium carbide. 

Properties, — Calcium arsenide appears as a fused mass having 
a crystalline texture. Pulverized and examined under the micro- 
scope, it appears in transparent particles which have a red-brown 
appearance, exactly resembling calcium nitride. Its density is 
2.5 at 15*. 

The compound is somewhat active chemically. Fluorine attacks 
it in the cold, chlorine about 200**. Bromine and iodine react 
with evolution of light below redness. Carbon has no action at 
1000°, but in the electric furnace the arsenic is completely elimi- 
nated after ten minutes' heating. It is difficult to obtain the 
arsenide completely free from carbide. 

Water gives a characteristic reaction, evolving pure hydrogen 
arsenide. This is an excellent method for the preparation of 
this gas. 

Analysis gave the following figures : 



Calcium 45- 18 

Arsenic 55-83 

1 1«ebeau: Compt. rend., laS, 95. 



2. 

44.83 


Theoretical 
for CasAst. 

44.44 


55.17 


55.55 
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Strontium and Barium Arsenides 

Strontium and barium arsenides having the respective formulas, 
SrgAsj and Ba^Asg, are prepared in a similar manner. Like the 
calcium compound, they act on water evolving pure hydrogen 
arsenide. The other properties are not sensibly different from 
those of calcium arsenide. 



METALLIC SULPHIDES 

From the general standpoint of reactions at high temperatures 
it was interesting to study the action of the sulphides in the elec- 
tric furnace. Mourlot/ by reducing the sulphates with carbon, 
has been able to prepare, in crystalline condition, lithium sulphide, 
the sulphides of the alkaline earths and magnesium, which were 
known before only in the amorphous state. The use of this 
method has led to the artificial preparation of some known crystal- 
line sulphides as zinc, cadmium, lead, manganese, and antimony. 
Some of the sulphides volatilize readily in the electric furnace 
such as those of zinc, cadmium, lead and tin and crystallize on 
cooling. The other sulphides are, as a rule, dissociated and it 
is possible to obtain the free metal or the corresponding carbide 
when carbon is present. 

1 Mourlot: "These a'la Faculté des Sciences," Paris, 1899. 



CONCLUSIONS. 

The electric furnace which we have described at the beginning 
of this work has permitted the solution of a number of hitherto 
unsolved problems. With its aid we have been able to saturate 
melted cast iron with carbon at 3500° and, by suddenly cooling it, 
obtain in the fusion the varieties of carbon having a density of 3.5. 

We have been able to prepare the black and transparent dia- 
mond; the latter in regular octahedrons, in cubes^ in fragments 
having a distorted crystallization, in drops, in crystals which 
break, either transparent and perfectly clear or with bjack dots, 
such as are found in nature. These crystals, although small, are 
in all points similar to those found at the Cape or in Brazil. 

It has been possible to show that at the ordinary pressure, 
boron and carbon pass from the solid to the gaseous state without 
becoming liquid. On the contrary, under the action of a great 
pressure, carbon becomes liquid, its density increases and it g^ves 
the diamond. 

By means of the electric furnace, we have been able to bring 
all the forms of carbon to graphite, the variety stable at 3000° 
at the ordinary pressure. After a study of the different graph- 
ites, we have shown that the stability of these forms of carbon is 
a function of the temperature to which they have been heated; 
finally, we prepared the swelling variety. 

By removing the limit of temperature to which we can submit 
the different bodies in the laboratory, we have been able to enter 
upon new physical investigations on the fusion and volatilization 
of some elements and compounds. 

We have fused with ease, lime, manganese, molybdenum, tung- 
sten, vanadium, and zirconium. By using a more intense current 
we have volatilized in large quantities silica, zirconia, lime, 
aluminum, copper, gold, platinum, iron, uranium, silicon, boron, 
and carbon, and obtained crystalline metallic oxides. 

This elevation of temperature has permitted us to make general 
some reactions which were hitherto regarded as limited by reason 
of the insufficience of our means of action. 
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In the electric furnace, barium and strontium carbonates are 
reduced to carbon dioxide and baryta and strontia. The oxides 
which have been regarded as non-reducible have been reduced. We 
have reduced by carbon, alumina, silica, the oxides of thé alkaline 
earths, the oxides of uranium, vanadium, and zirconium. The 
reductions by carbon, which were difficult to obtain in the wind- 
furnace, were made in a few minutes in our apparatus. I give as 
example the preparation of manganese, chromium, tungsten and 
molybdenum. And, since at this high temperature, the refrac- 
tory metals become liquid, it is easy to avoid the action of oxygen 
and nitrogen and to obtain them in a very pure* state. Frequently, 
it is true, they are combined with carbon, but it is an easy matter 
to refine them by a second fusion and to obtain ingots, scxne of 
which do not scratch glass and can be filed. 

These preparations can be made in large masses. Very often 
our crucibles contained looo to 1200 grams of oxide to be re- 
duced ; the yield under these conditions becomes important, and it 
was by kilograms that our laboratory samples were obtained. 

These facts have made it possible for us to study under new 
conditions, chromium, manganese, molybdenum, tungsten, urani- 
um, vanadium, and zirconium. 

When strong currents are used in these experiments, the forma- 
tion of impurities which cannot exist at these high temperatures 
is frequently avoided. I mention, as example, the preparation 
of fused titanium, which can be obtained free from nitrogen when 
a current of 1200 amperes at 70 volts is used. On the contrary, 
with a current of 400 amperes at 60 volts, only titanium nitride 
can be prepared. 

We think that these investigations present numerous applica- 
tions. Our different methods of preparation can readily enter 
into practice, and metallurgy can be aided. It must not be for- 
gotten that the refractory metals which are readily obtained in the 
electric furnace, can also be prepared alloyed with altmiinum, as 
we have shown, when their oxygen compounds are reduced by 
this metal. The alloys of aluminum with these metals can be used 
to obtain the refractorv metals, since the excess of aliuninum can 
be easilv removed. 
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This new method of preparing alloys and as well the electric 
furnace enables us to obtain metallic baths under well-determined 
conditions. A number of refractory metals will probably afford 
interesting alloys. The electric furnace permits the study of 
many new series of crystalline compounds. We speak of the 
bondes, silicides and carbides. 

These compounds have very simple formulas; at a very high 
temperature only a single combination is frequently obtained. 

The chemistry of high temperatures is a very simple chemistry. 

The silicides are bodies of great hardness ; some, like those of 
boron and titanium, can be used to cut the diamond. 

Certain fused metals are without action on carbon at their 
boiling temperature, for example, gold and bismuth. 

Others dissolve carbon at this high temperature and subse- 
quently separate it as graphite below their point of solidification, 
as the members of the platinum group. 

Finally, a large number of metals form definite and crystalline 
compounds with carbon. These carbides can be divided into two 
classes. The first contain the bodies which decompose water in 
the cold, as the carbides of the alkalies and alkaline earths, the 
carbides of aluminum, glucinum, cerium, lanthanum, thorium, 
etc. The second is formed of stable carbides as chromium, 
molybdenum, tungsten, and titanium. 

The carbides, decomposed by cold water as we have shown, 
give only a single hydrocarbon in a very pure condition, as 
lithium, calcium and aluminum; others as manganese, a mixture 
of hydrogen and methane ; still others, as thorium, a more complex 
mixture of acetylene, methane, ethylene and hydrogen. But the 
most curious phenomenon is the decomposition in presence of 
water given by the cerium and uranium carbides. In this case, 
not only is there formed a mixture of gaseous hydrocarbons, but 
also liquid and solid hydrocarbons. 

These new reactions evidently play great part in the geological 
formation of natural hydrocarbon gases, the schists, and petro- 
leum. Possibly by their aid, they also explain the manifestation 
of volcanic centers accompanied by emanations of gaseous, liquid, 
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and solid hydrocarbons. Finally, these carbides must have great 
importance in the first heat reactions which proceeded on the sur- 
face of the earth. 

The carbon of all actual orgfanic compounds must have been 
combined originally with metals as metallic carbides. It is proba- 
ble that these compounds still appear in the stars at high tempera- 
tures. We would add that in the same period, nitrogen would 
be found as metallic nitrides, while hydrogen very likely existed 
in large quantities in a pure state, in a gaseous atmosphere con- 
taining few hydrocarbons and cyanogen compounds. The electric 
furnace appears to bring back the conditions of this geological 
epoch. 
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